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CHAPTER 1 
GENERAL INTRODUCTION 
PROTEIN-DNA INTERACTIONS 
Interactions between proteins and nucleic acids 
play key roles in many processes in the cell including 
translation, DNA packaging, DNA replication, recombi­
nation, and repair, transcription, DNA degradation and 
modification (Kornberg and Baker, 1992). The DNA 
binding proteins may interact with single-stranded or 
double-stranded DNA. In this chapter we shall consider 
mainly ssDNA binding proteins and in particular the 
ssDNA binding protein encoded by the filamentous 
bacteriophage M13. 
Protein-dsDNA interactions 
So far the most detailed information on DNA-
protein interactions is available for proteins that bind to 
dsDNA in a sequence-specific manner, for instance 
prokaryotic and eukaryotic transcription factors or 
proteins involved in site-specific recombination (for 
reviews, see Churchill and Travers, 1991; Freemont et 
al., 1991; Harrison, 1991; Schwabe and Rhodes, 
1991). Structural data, obtained by both X-ray and NMR 
studies, have revealed several ubiquitous structural 
DNA binding motifs present in these proteins: 
Helix-turn-helix : This motif consists of two α-helical 
structures connected by a tight ß-turn resulting in an 
interhelical angle of about 120°. One of the two a-
helices, termed the recognition helix, lies in the DNA· 
protein complex in the major groove. It provides 
sequence-specific DNA interactions. 
Zinc finger : Up to now there are three types of Zinc 
fingers recognized, all containing Zinc as a structural 
element. Proteins containing a Zinc finger interact with 
DNA by an α-helix, the so-called recognition helix. The 
first type of Zinc finger, denoted C2-H2, consists of an 
antiparallel two-stranded ß-sheet and an α-helix held 
together by one Zinc ion liganded tetrahedrally by two 
cysteines and two histidines. The second type of Zinc 
finger, designated C2-C2, is found in steroid and thyroid 
hormone receptors. It contains two loop-helix elements 
and two Zinc ions, but lacks a ß-sheet structure. In each 
loop-helix element a Zinc ion is liganded to two 
cysteine residues situated at the beginning of the loop 
and two cysteine residues at the N-terminus of the a-
helix. Examples of proteins containing the third type of 
Zinc finger are, up to now, only found in yeast transcrip-
tional activators. The preliminary data, based on NMR 
and X-ray studies, show that there are two Zinc ions and 
six cysteine residues per DNA-binding element. Be-
cause each Zinc ion is co-ordinated by four cysteine 
residues, two of the six cysteines are shared. 
Leucine zipper : This structural element consists of 
two α-helices both having a positively charged basic 
region at the N-terminal end. The α-helices contain four 
or five leucine residues periodically arranged every 
seventh residue. Because of this repeat, the leucine 
residues will lie on the same side of the α-helix, and two 
of these α-helices can form a dimer by adopting a 
parallel coiled-coil with the leucines interdigitating (the 
'zipper'). The basic N-terminal regions have been 
shown to be involved in DNA-binding, whereas the a-
helices are merely responsible for dimerization. 
ß-ribbon : Among the proteins that interact with 
DNA through a ß-ribbon recognition element, are the 
MetJ repressor of Escherichia coli and the arc repressor 
of Salmonella phage P22. The ß-ribbon motif consists 
of a two-stranded antiparallel ß-sheet. In the protein-
dsDNA complex the ß-ribbon lies in the major groove. 
This enumeration shows that dsDNA-binding is 
accomplished by a variety of structural motifs. However, 
despite the many differences, two common features 
can nevertheless be distinguished. Firstly, in all the 
motifs positively charged amino acid residues interact 
with the negatively charged backbone of the DNA, thus 
enabling non-specific interaction of dsDNA binding 
proteins. Secondly, the sequence-specific binding is 
enabled by hydrogen bonding and hydrophobic inter-
actions between amino acid residues and functional 
groups mostly in the major groove of the DNA. 
Protein-ssDNA interactions 
Proteins that bind to ssDNA have been far less well 
studied than the dsDNA binding proteins. Most of what 
we know is related to their non-specific interaction with 
ssDNA. They are ubiquitously present in a variety of 
prokaryotic and eukaryotic organisms and include, 
amongst others, those encoded by filamentous 
phages (Alberts et al., 1972; Oey and Knippers, 1972; 
Maeda étal., 1982; Peeters étal., 1983; Carne étal., 
1991), the phages N4 (Lindberg et al., 1989), φ29 
(Martín et al., 1989), and T4 (Alberts et al., 1968; 
Alberts and Frey, 1970), E. coli (Molineux et al., 1974; 
Radding, 1982), yeast (Chang et al., 1979), and 
adenovirus type 5 (Kruijer et al., 1981). For the 
eukaryotic ssDNA binding proteins, only their 
biochemical properties have been characterized, and 
little is known about their physico-chemical properties. 
Only for the ssDNA binding protein SSB encoded by 
E. coli (for a review, see Meyer and Laine, 1990), the 
helix-destabilizing protein g32p encoded by bacterio-
phage T4 (for a review, see Chase and Williams, 1986), 
and the ssDNA binding proteins encoded by the 
filamentous bacteriophages M13, IKe, and Pf1, the 
ssDNA binding characteristics have been studied 
extensively in thermodynamic terms. 
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The ssDNA binding protein encoded by gene V 
(gVp) of the filamentous phage Ff (M13, f1, and fd; see 
Appendix) is the main subject of this thesis. For two 
reasons is the protein an attractive candidate to study 
the relationship between structure and function of a 
ssDNA binding protein. Firstly, the protein has been 
studied thoroughly, stimulated by accessibility of the 
system. Thus, thorough knowledge of its biological and 
biophysical properties are available. Secondly, be­
cause of the availability of an efficient purification proce­
dure, and because the protein is relatively small in size, 
gVp lends itself for structural analysis. 
The ultimate goal of our studies on gVp is to 
identify the amino acid residues or domains of the 
protein which are responsible for the execution of the 
respective functions of gVp. In particular we set out to 
examine by means of molecular biological and 
biophysical studies, the relationship between structure 
and function of gVp. We also performed a computer 
analysis to investigate whether the ssDNA binding 
motif present in gVp is, like the motifs in dsDNA binding 
proteins, a recurrent binding motif in other ssDNA 
binding proteins. 
GENE V PROTEINS 
The development of the DNA-cellulose affinity 
chromatography technique cleared the way for identifi­
cation and purification of ssDNA binding proteins 
(Alberts and Herrick, 1971). The ssDNA binding protein 
of bacteriophage M13 was one of the first proteins 
isolated by this procedure (Alberts et al., 1972; Oey 
and Knippers, 1972). It is classified in the group of the 
helix destabilizing proteins', because the protein 
lowers the melting temperature of poly d(A-T) by 20-
40 °C in the absence of M g 2 + (Alberts et al., 1972; 
Holwitt and Krasna, 1982). This ability to melt is caused 
by the strong binding of the protein to ssDNA but not 
to dsDNA (Alberts et al., 1972; Oey and Knippers, 
1972; Pratt et al., 1974). Later the ssDNA binding 
proteins of two other filamentous bacteriophages, i.e. 
IKe and Pf1, were isolated. These proteins have been 
characterized in both biological and biophysical terms. 
In the next paragraphs we will outline the biological 
function of gVp encoded by phage Ff as well as the 
biophysical and structural characteristics of gVp 
encoded by phages Ff, IKe, and Pf1 (Table 1.1). For 
classification, structure, genetic organization and life 
cycle of the filamentous bacteriophages, the reader is 
referred to the brief survey presented in the Appendix 
of this chapter. 
Biological function 
In infected cells a pool of replicative form molecules 
(see Appendix) is rapidly build up and extrusion of 
progeny Ff phages already starts 10 min after infection 
to reach a steady state 30 min after infection. Moreover, 
the phage will remain as a parasite in the host cell 
indefinitely (Marvin and Hohn, 1969). In the state of 
persistent productive infection, a steady production of 
approximately 100 new phages per cell per generation 
is established (Webster and Lopez, 19Θ5). To maintain 
both the persistent infection and the high phage 
production, regulation of the expression of the differ­
ent Ff genes at the transcriptional as well as at the 
translational level, and regulation of the viral DNA 
replication are a prerequisite. The necessity for 
regulation is also illustrated by the fact that a mature 
phage particle contains 2750 molecules of the major 
coat protein and only about 5 molecules of each of the 
4 different minor coat proteins. 
Regulation at the transcriptional level 
At the level of transcription the expression of the Ff 
genes is regulated by the number and strength of the 
promoters, the terminators, and the relative stability of 
the mRNAs. In vivo experiments have demonstrated 
that the Ff genome contains nine promoters, but only 
three terminators, and that all genes are transcribed 
with the same polarity as that of the viral strand (Smits et 
al., 1978; Cashman and Webster, 1979; Cashman et 
al., 1980; Smits et al., 1980). This implies that the DNA 
is transcribed into a discrete number of RNA species 
which are initiated at different promoter sites and 
terminated at one of the three termination signals. The 
genome can be subdivided into two transcription 
domains separated by the two major intergenic regions 
(see Appendix). Transcription of the frequently tran­
scribed domain, encompassing genes II, X, V, VII, IX, 
ГаЫе 1.1 Properties of ssDNA binding proteins encoded by filamentous bacteriophages. 
Protein 
M13gVp 
IKe gVp 
Pf lgVp 
Mol. mass 
monomer 
(kDa) 
9.7 
9.8 
15.4 
Number of 
residues 
87 
88 
144 
Native 
form 
homodimer 
homodimer 
homodimer 
Monomer 
copies/cell 
1'Ю5 
References 
a 
b 
с 
References: a (Oey and Knippers, 1972; Cuypers et al., 1974; Nakashima et al., 1974; Rasched and Pohl, 1974; Pretorius ef 
a/., 1975; Cavalieri et al., 1976; Hill and Petersen, 1982; Pörschke and Rauh, 1983), b (Peeters étal., 1983), с (Maeda ef al., 
1982; Kneale, 1983; Greulich et al., 1985). 
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and Vili, is accomplished by a cascade-like mechanism 
in which transcripts are initiated at a number of different 
sites but terminated at the same p-independent 
transcription termination signal located immediately 
after gene VIII (Edens et al., 197Θ; Cashman et al., 
1980; Grant et al., 1981). Furthermore, the largest 
transcripts are subject to 5' post-transcriptional 
processing by a not yet identified host encoded endo-
nucleolytic cleavage activity (Kokoska et al., 1990). The 
smallest RNA species coding for genes V, VII, IX, and 
VIM, are relatively long-living, i.e. half-lives of 2.5-10 
minutes, whereas the larger ones, comprising genes II 
through VIII, have half-lifes of less than two minutes 
(Cashman et al., 1980). Expression of the second 
transcription domain which encompasses genes III, VI, 
I, and IV, is accomplished via a number of RNA species 
whose synthesis is initiated in front of genes III and IV. 
The transcripts are terminated at two p-dependent 
transcription termination signals located in gene I and in 
the major intergenic region between genes IV, and II, 
respectively (Smits et al., 1984). 
Regulation at the translational level 
Three observations clearly demonstrated the 
existence of a regulation mechanism at the level of 
translation for proteins encoded by genes II, V, VII, Vili, 
IX, and X. Firstly, it has been shown that in contrast to 
the in vivo situation, little gXp is synthesized in an in 
vitro system (Smits et al., 1978). Secondly, the high 
synthesis of gVp and gVIlip reflects the abundance of 
their transcript. However, all mRNA species that carry 
coding information for gVp and gVlllp, also carry coding 
information for gVllp and glXp which are synthesized at 
a much lower level. This differential translation is 
caused by large differences in the strength of the 
respective ribosome binding sites (Blumer et al., 1987; 
Ivey-Hoyle and Steege, 1989). Furthermore, the 
synthesis of gVllp and glXp is also translationally 
coupled and thus highly dependent on the translation 
of the upstream cistron coding for gVp (Smits, 1982; 
Ivey-Hoyle and Steege, 1989). Thirdly, in the absence 
of functional gVp, or in the presence of particular gVp 
mutants, gllp is overproduced (Lin and Pratt, 1972; 
1974; Meyer and Geider, 1978; 1979a; Webster and 
Rementer, 1980; Meyer and Geider, 1981; Dotto and 
Zinder, 1984). In vivo and in vitro studies have 
unequivocally shown that this overproduction is 
caused by a breakdown of the gVp regulated transla­
tion of gene II mRNA (Model et al., 1982; Yen and 
Webster, 1982; Fulford and Model, 1984; 1988a; 
1988b; Zaman et al., 1990). In addition, evidence has 
been obtained that, apart from its effect on the 
translation of gene II, gVp also represses at the level of 
translation the expression of the phage genes I, III, V, 
and X (Yen and Webster, 1982; Zaman et al., 1991). 
Regulation of DNA replication 
In the initial stage of infection the pool of replicative 
form (RF, see Appendix) molecules increases rapidly. 
Later in infection the number of RF molecules is 
maintained at a steady state level of about 200 copies 
per infected cell, and progeny viral strands are 
synthesized. The switch from RF synthesis to the 
formation of progeny single-stranded viral DNA is 
accomplished by gVp. It inhibits RF replication by 
binding to the newly synthesized viral strands thus 
sequestering them from the DNA replication process, 
in which the DNA analogue of the so-called mRNA 
operator may be used as a nucleation site (Michel and 
Zinder, 1989b). Furthermore, gVp inhibits the synthe­
sis of gllp protein, thus slowing down RF replication. 
These two activities of gVp make a negative feed-back 
regulation feasible: An increasing number of RF 
molecules will lead to more gVp. This gVp will both bind 
to the single-stranded DNA, preventing RF formation, 
and it will repress the synthesis of gllp, leading to a 
decreased RF replication. Conversely, if the concentra­
tion of gVp drops below a certain threshold level, the 
synthesis of gllp will increase, resulting in an increase of 
the number of RF molecules. 
For the sake of completeness, it is noted that in 
vivo experiments have shown that two more regulatory 
events exist (Fulford and Model, 1988a; 1988b). 
Firstly, apart from the function of gllp in (+) strand 
synthesis (see Appendix), this protein also promotes 
(-) strand synthesis later in infection (Fulford and Model, 
1988b). If gllp is over-expressed, it promotes (-) strand 
synthesis later in infection, even in the presence of 
gVp. Secondly, gXp is needed for ssDNA synthesis by 
inhibition of gllp. 
ssDNA binding characteristics 
Three major binding parameters can be used to 
characterize the formation of complexes between 
proteins and nucleic acids. Firstly, the stoichiometric 
number, л, which is the number of nucleotides covered 
by one protein monomer molecule. Secondly, the co-
operativity parameter, ω, which defines the factor by 
which the binding constant increases when a protein 
molecule binds adjacent to an already bound protein 
molecule relative to isolated binding. Thirdly, the 
binding strength which is expressed as the intrinsic 
binding constant, K¡nt. K¡nt characterizes the complex 
formation of one protein molecule to an isolated 
binding site on the lattice. The effective binding 
constant, Kgff, is the product of the intrinsic binding 
constant and the co-operativity parameter. Various 
physico-chemical methods have been used to 
determine the binding parameters. To these methods 
belong measurements of ultra-violet absorption, linear 
or circular dichroism, and fluorescence binding studies. 
Stoichiometry 
The binding of phage Ff gVp and phage IKe gVp to 
polynucleotides is characterized by a stoichiometry of 
four nucleotides per protein monomer (Table 1.2). 
Besides this number of four, another binding mode has 
been reported with a different stoichiometry. 1H-NMR 
experiments with oligonucleotides (Alma et al., 1982) 
as well as circular dichroism titration experiments with 
oligonucleotides (Gray et al., 1984) and with polynu-
cleotides under low salt conditions (Kansy et a/.,1986), 
revealed that under those particular conditions three 
nucleotides are covered by one Ff gVp monomer at 
complete saturation. These results have been 
confirmed by fluorescence binding experiments, and 
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Table 1.2 Binding characteristics of ssDNA binding proteins encoded by filamentous bacteriophages. 
M13gVp IKe gVp PflgVp 
Stoichiometry 
polynucleotide 
oligonucleotide 
Co-operativity 
polynucleotide 
oligonucleotide 
-dlog(Keff)/dlog[NaCI] 
polynucleotide 
Kgff at 0.2 M (salt) 
4 ±0.3 
3 
4 ±0.8 
a 
d 
500 ±200 e 
1-5 h 
I 
3.0·105Μ"1 i 
(NaCI) 
4 ±0.5 
300 
3±0.4 
1.9·1θ5Μ-1 f 
(KCl) 
4 ± 0.2 с 
100 g 
References: a (Alberts et al., 1972; Day, 1973; Anderson et al., 1975; Pretorius et al., 1975; Cavalieri étal., 1976; Bobst étal., 
19Θ2; Alma etat., 1983b; Pörschke and Rauh, 1983; Bobst et a/.,1984; Bulsink et al., 1985), b (Peeters et al., 1983; de Jong et 
al., 1987а), с (Kneale étal., 1982; Кпеаі , 1983), d (Alma étal., 1982; 1983a; Gray étal., 1984; Kansy étal., 1986), e (Dunker 
and Anderson, 1975; Alma et al., 1983b; Pörschke and Rauh, 1983; Bulsink et al., 1985), f (de Jong étal., 1987a), g (Kneale et 
al., 1985; Carpenter and Kneale, 1991), h (Alma étal., 1982; Bulsink et al., 1986; 1988), I (Aima étal., 1983b; Bulsink étal., 
1985). 
fluorescence depolarization studies (Bulsink et al., 
19 6; 19 ). At a nucleotide chain length of 25 to 30 
residues, both the л=3 and the n=4 mode are possible 
depending on the nucleotide/protein ratio (Alma et al., 
1983a). Two different binding modes have also been 
abserved for the binding of phage Pf1 gVp to poly(dT). 
η the native nucleoprotein complex in infected cells, 
3.9-4.2 nucleotides are covered by one protein 
Tionomer (Kneale era/., 1982; Kneale, 1983) but in 
vitro, the binding stoichiometry was found to be 2 or 4, 
ndependent of the DNA used (Kneale et ai, 1985; 
Carpenter and Kneale, 1991): a titration experiment in 
which protein was added to poly(dT) resulted in л=2, 
whereas the reverse titration revealed л=4. These 
esults were interpreted in terms of two distinct modes 
jf binding. The binding site of each monomer covers 4 
nucleotides. In the n=2 mode the apparent stoichiom-
itry of 2 results from the interaction of only one subunit 
if the dimer with the nucleic acid. On the other hand, in 
he л=4 mode both monomers bind to the nucleic acid 
Carpenter and Kneale, 1991). 
Oo-operativity 
Ff gVp binds to ssDNA with a positive co-operativity 
Rasched and Pohl, 1974; Cavalieri étal., 1976; Alma 
?/ al., 1983b). The co-operativity parameter is 
îstimated to be about 500 ± 200 for gVp binding to 
jolynucleotides in the n=4 mode (Dunker and 
\nderson, 1975; Alma et al., 1983b; Pörschke and 
ìauh, 1983; Bulsink er al., 1985). Under low ionic 
strength conditions, when gVp binds to polynucleo-
¡des in the n=3 mode, the co-operativity is also high 
Bulsink et al., 1988). In contrast, binding to oligo-
nucleotides is hardly co-operative, ω=1-5 (Alma et al., 
1982; Bulsink et al., 1986; 1988). The binding of IKe 
gVp and Pf1 gVp to polynucleotides is also highly co­
operative, i.e. ω=300 (IKe gVp), and ω=100 (Pf1 gVp) 
(Peeters et al., 1983; Kneale et al., 1985; de Jong ef 
al., 1987a; Carpenter and Kneale, 1991 ). 
In the infected host cell, the high positive co-
operativity results in the formation of large clusters of 
protein molecules on the newly synthesized viral 
strands, resulting in immediate saturation. Thus the 
ssDNA strand is protected from nuclease digestion and 
can be packed into a new virion (Oey and Knippers, 
1972; Geider, 1978). 
Binding strength 
Fluorescence titration experiments have shown 
that gVp has different affinities for various homo-
polynucleotides (Alma et al., 1983b; Bulsink et al., 
1985). Circular dichroism titration experiments with 
poly(dA), poly(dT), poly(dC), and the alternating DNA 
sequences poly[d(A-C)] and poly[d(C-T)] have 
demonstrated that not only the base composition of 
the nucleic acid polymer, but the base sequence as 
well, is important for the binding affinity of gVp (Sang 
and Gray, 1989). Thus gVp shows some base or 
sequence specificity in the binding to polynucleotides. 
The binding of Ff gVp to ssDNA is salt dependent, 
/.e. upon addition of salt the binding affinity decreases. 
A model for the ionic strength dependency of the 
effective binding constant, is described by the theory 
of Record et al. (1976; 1978): 
log(Keff)= - (m>+A) + log[NaCI], 
where πτψ is the number of Na+ released from the DNA 
and к is the number of CI' released from the protein 
upon complex formation. From the relationship 
between \og{Kgtf) and log[NaCI] it was postulated that in 
the binding process the protein loses one anion, while 
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three cations are released from the polynucleotide: 
- d \og(Keff)/d log[NaCI] = 4 ± 0.8 Alma et al., 1983b; 
Bulsink et al., 1985). 
Comparison of Ff gVp and IKe gVp reveals that 
their effective binding constants are largely similar 
(Peeters ef al., 1983; de Jong et al., 1987a) (Table 
1.2). The two proteins have, however, different salt 
dependencies of the effective binding constants. 
Upon binding of IKe gVp to ssDNA only three ions are 
released, whereas upon binding of Ff gVp to ssDNA 
four ions are released. This phenomenon indicates 
that, due to different amino acid sequences, IKe gVp 
has one chloride binding site less than Ff gVp (de Jong 
et al., 1987a). Despite the sequence homology (45%) 
between the two proteins, it has been shown that they 
are not mutual co-operative in DNA binding (de Jong et 
al., 1987a). 
Structural aspects 
gVp crystal structure 
The successful crystallization of Ff gVp made X-ray 
diffraction analysis possible (McPherson et al., 1976; 
McPherson, 1976), and a resolution to 0.23 nm was 
achieved (Brayer and McPherson, 1983): the molecule 
is non-a-nelical and consists entirely of ß-structures 
with some irregular connecting loops. Three major anti-
parallel ß-loops can be distinguished. The first loop is 
composed of residues 15 through 32, which has been 
termed 'DNA binding loop'. The return strand of the 
polypeptide chain forms a second ß-loop composed of 
residues 33 through 49. This has been called the 
'complex loop'. These two loops are arranged in such a 
way that they form in part a triple-stranded ß-sheet. The 
third ß-loop, the so called 'dyad loop', is composed of 
residues 61 through 82. This loop is oriented more or 
less perpendicular to the triple-stranded ß-sheet. The 
three major ß-loops project outwards from a common 
hydrophobic core. The dimer is found in the crystalline 
state and the two monomers are closely associated 
about a perfect dyad axis. The molecular dimensions of 
the dimer, which is approximately 5.5 nm χ 4.5 nm χ 3.5 
nm in size, show that it is a compact structure. The 
dimer is stabilized by predominantly hydrophobic, but 
also by electrostatic interactions. The amino acid 
residues involved in these interactions are located in 
the six-stranded anti-parallel ß-barrel that is formed by 
both the two extended dyad ß-loops and the amino-
terminal strands of both monomers. Especially, the two 
phenylalanine residues at position 68, located very 
near and parallel to the intermolecular dyad axis, are in 
close contact and thus their interaction might attribute 
to the dimer stability. 
gVp structure in solution 
The secondary structure of Ff gVp in solution has 
been studied by 1H-NMR, particularly by using a 
missense mutant of gene V described in this thesis in 
which the tyrosine residue at position 41 is substituted 
by a histidine residue (van Duynhoven et al., 1990; 
Folkers er al., 1991). In solution the gVp structure 
consists of three regular secondary structure elements 
which are all composed of ß-sheets with some connec-
ting loops. Comparison of this structure with the crystal 
structure, revealed that the global folding of Ff gVp in 
solution and in the crystal is comparable, but at the level 
of the positioning of the individual amino acid residues, 
significant differences were found (Folkers et al., 
1991). The ß-loop structure (residues 13 to 31) found 
in solution is more regular than the one found in the 
crystal, and in the solution structure of the DNA binding 
loop, the ß-sheet is shifted 4 residues with respect to 
that of the crystal structure (van Duynhoven ef al., 
1990). In particular, in the crystal structure residue 
Tyr26 is positioned at the tip of the ß-loop structure, 
while in the solution structure this residue forms part of 
the anti-parallel ß-sheet. This shift is propagated into 
the rest of the molecule. Furthermore, the N-terminal 
part of the protein in solution is part of a triple-stranded 
ß-sheet, which it is not in the crystal structure. In the 
crystal structure the first four residues of the N-terminus 
point away from the bulk of the protein. Finally, there 
are different pairwise arrangements of the amino acids 
residues in the anti-parallel β sheet, which have been 
designated as the 'complex loop' and 'dyad loop' in the 
crystal structure (Brayer and McPherson, 1983; Folkers 
et al., (1991). 
The secondary structure of IKe gVp in solution has 
also been studied by 1H-NMR (de Jong et al., 1989a; 
van Duynhoven et al., 1992; ). This structure shows a 
high degree of similarity with that of Ff gVp. 
gVp residues involved in ssDNA binding 
Upon binding of Ff gVp to ssDNA, changes have 
been observed in the aromatic region of the proton 
NMR spectrum of gVp, in the circular dichroism (Day, 
1973; Anderson et al., 1975; Pretorius et al., 1975; 
Gray étal., 1984), ultra-violet absorbance (Day, 1973), 
and fluorescence emission spectra (Pretorius ef al., 
1975). These changes indicate the presence of 
stacking interactions between some aromatic side 
chains and the nucleotide bases. To elucidate which 
aromatic residues are involved in ssDNA interaction, 
the tyrosine, histidine, and phenylalanine spin-systems 
have been assigned in the Ff gVp 1H-NMR spectrum 
(Alma et al., 1981a), and subsequently, a sequence 
specific assignment of the spin-systems was achieved 
that relies on crystallographic data (King and Coleman, 
1987). However, in Chapter 4 of this thesis it is shown 
that these sequence specific assignments proved to 
be partially incorrect. 
Upfield proton NMR shifts upon binding of gVp to 
oligo(dA) molecules (Coleman et al., 1976; Garssen ef 
al., 1977; Coleman and Armitage, 1978; Garssen et al., 
1980; Alma et al., 1981a; 1982; O'Connor and 
Coleman, 1983) and one dimensional nuclear 
Overhauser effects (Alma et al., 1981a; 1983a) indicate 
that two tyrosine residues and one phenylalanine 
residue are involved in the binding of gVp to 
oligonucleotides. Two-dimensional 1H-NMR revealed 
that Phe73 and Tyr26 are the only aromatic residues 
that stack significantly with the nucleotide bases (this 
thesis, Chapter 4; King and Coleman, 1987). Tyr26, 
Leu28, and Phe73' (this residue is part of the other 
monomer in the dimer) form the nucleotide interaction 
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domain. They are surrounded by an electropositive 
cluster, formed by Arg16, Arg21, Lys24, and Lys46, 
that interacts with the phosphate backbone of the DNA 
(King and Coleman, 1987). Tyr41 does not interact with 
the DNA. Its immobilization implicates a dimer-dimer 
contact role (King and Coleman, 1988; van Duynhoven 
et al., 1990; Folkers et al., 1991). 
Models of the gVp'SsDNA complex 
A computer graphics model of the helical complex 
of Ff gVp and ssDNA was proposed by Brayer and 
McPherson (1984a; 1984b; 1985). In this model the 
essential DNA binding element is the gVp dimer, which 
provides two anti-parallel DNA binding channels, each 
constructed from amino acids contributed by both 
monomers within the pair. Each channel is 1 nm wide 
and 4 nm long and can accommodate a fully extended 
DNA chain of five nucleotides in length. Upon binding 
the protein dimers form a right-handed helix. Complex 
formation is achieved in the model by stacking and 
electrostatic interactions. The amino acid residues that 
are proposed to be stacked upon the nucleic acid 
bases are Tyr26, Tyr34, Tyr41, and Phe73'. It is 
furthermore proposed that the phosphate backbone is 
fixed by electrostatic interactions with Arg16, Arg21, 
Arg80, and Lys46 (Brayer and McPherson, 1984a). 
A number of studies have demonstrated that this 
model is not correct in a number of details. First of all, 
although stacking interactions are involved in complex 
formation, not all the bases are stacked. Electron spin 
resonance experiments with spin-labelled poly(dT)· 
gVp complexes showed that only one out of four bases 
is immobilized in the complex (Kao et al., 1985). Also, 
Tyr41 is not involved in ssDNA binding (this thesis, 
Chapter 4), and furthermore, the channel length of 5 
nucleotides is in contradiction with the stoichiometry of 
4 nucleotides per protein monomer, deduced from 
binding experiments. In a new model for the complex 
(Hutchinson et al., 1990), 4 nucleotides are covered by 
one protein monomer. However, in that model Tyr34 is 
involved in ssDNA binding, while it is not (this thesis, 
Chapter 4). Thus the second model does not fit all 
experimental data either. Finally, very striking is the 
discrepancy between the electron microscopic and 
neutron scattering data and the computer model. 
Studies with in vitro reconstituted complexes revealed 
two major structural features. Firstly, in the complex the 
ssDNA is found to be situated near the centre of the 
structure (Torbet et al., 1981; Gray et al., 1982a; Gray et 
al., 1982b), and secondly, the complexes of Ff, and IKe 
gVp are left-handed helices (Gray, 1989). According to 
the model proposed by Brayer and McPherson (1984a; 
1984b; 1985), the protein forms a right-handed helix 
and is positioned in the centre of the complex. It should 
be noted in passing, that the complex of phage Pf1 
gVp with DNA forms a right-handed helix (Gray et al., 
1982a). 
OUTLINE OF THIS THESIS 
Aim of the studies presented in this thesis was tc 
investigate the structure/function relationship of М1Э 
gVp. In particular, we focussed on the elucidation ol 
the amino acid residues involved in the differenl 
functions, i.e. ssDNA binding, co-operativity of binding, 
dimer formation, and translational regulation, of M13 
gVp. 
Our studies on gVp started with the construction ol 
a library of gene V missense mutants by means ol 
random chemical mutagenesis of gene V cloned in an 
expression vector. Mutant proteins were characterized 
both with respect to their ability to inhibit the produc­
tion of phagemid DNA transducing particles and their 
ability to repress the translation of a chimeric lacZ 
reporter gene whose expression is controlled by the 
promoter and translational initiation signals of M13 
gene II. The results of these studies are presented in 
Chapter 2. 
To analyze the involvement of aromatic and basic 
amino acid residues in ssDNA binding, a number of 
missense mutants was taken from the library and the 
mutant proteins were purified. Subsequently the char­
acteristics of the binding of these mutant proteins to 
homopolynucleotides in vitro were studied. The results 
of these experiments are presented in Chapter 3. 
In Chapter 4 studies are described in which 
missense mutants from the library are used for the 
sequence-specific assignments of all aromatic amino 
acid residues in the gVp 1H-NMR spectrum, as well as 
the determination of the aromatic amino acid residues 
involved in binding of gVp to short stretches of ssDNA. 
One of these missense mutants, in which the tyrosine 
residue at position 41 is substituted for histidine, 
proved to be a major break-through in 1H-NMR studies 
performed following the studies presented in this 
thesis. Because of the improved solubility of this 
mutant protein, it has been possible to elucidate the Ff 
gVp secondary- and tertiary structure in solution. 
Comparison of amino acid sequences of evolution-
arily related proteins, which have comparable biological 
functions, might provide important information about 
the significance of particular residues or sequences 
with respect to the functions of the protein. For 
example, comparison of the amino acid sequences of 
the ssDNA binding proteins encoded by the 
evolutionary distantly related filamentous bacterio­
phages Ff and IKe, has contributed valuable insights 
about the determinants of the ssDNA binding 
properties of these proteins. Because the filamentous 
bacteriophage I2-2 has been suggested to be a 
naturally occurring host range mutant of phage IKe, 
comparison of the amino acid sequence of its ssDNA 
binding protein with those of phages Ff and IKe might 
be very informative. Therefore, we decided to deter­
mine the nucleotide sequence of the circular single-
stranded genome of phage I2-2, and compared it with 
the genomes of phages IKe and Ff. This is presented 
in Chapter 5. 
1H-NMR binding studies of wild-type gVp with 
oligonucleotides containing a covale η tly attached spin-
label, have been used to locate the DNA binding 
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domains in gVp. These studies have revealed that gVp 
contains a ß-loop structure comprising residues Arg16-
Glu30 (Ft) or residues Arg16-Glu31 (IKe), which is 
involved in ssDNA binding. To investigate whether this 
ssDNA binding ß-loop structure is a recurrent motif in 
other ssDNA binding proteins, we have compared the 
amino acid sequences comprising the DNA binding 
loops of phages Ff and IKe with the amino acid 
sequences of other known prokaryotic and eukaryotic 
ssDNA binding proteins. The result of this analysis is 
presented in Chapter 6. 
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APPENDIX 
THE F-SPECIFIC FILAMENTOUS BACTERIOPHAGES 
Classification and evolutionary relationship 
Based on their morphology the single-stranded 
DNA containing bacteriophages can be subdvided into 
filamentous and isometric (¡cosahedral) phages. One of 
the striking differences between these two groups of 
phages is that the isometric phages, of which φΧ174 
and G4 are the best known representatives, lyse their 
host cell, whereas the filamentous phages do not. 
Their phage particles are extruded through the cell 
membrane in a continuous fashion, only slightly 
retarding the processes of host cell growth and divi­
sion. Thus far more then twenty filamentous phages 
are known, of which the most prominent are listed in 
Table 1.3. Filamentous phages belong to the smallest 
bacteriophages known. Their genomes are encapsu­
lated into a thin and long (800-2000 nm, depending on 
the phage) protein coat (Denhardt era/., 1978). Most 
filamentous phages can only efficiently infect cells that 
carry pili, which serve as their receptors. These pili are 
composed of filamentous polymers of identical protein 
subunits (pilin) generally encoded by conjugative 
Plasmids (Marvin and Folkhard, 1986). On the basis of 
their pilus specificity, the filamentous phages can be 
subdivided into several phylogenetic classes. The 
phages M13, f 1 , and fd are variants of basically the 
same phage, and are collectively referred to as Ff. They 
only infect cells harbouring plasmids of the F-
incompatibility (IncF) group. The Inc-specifity of several 
filamentous phages is listed in Table 1.3. Another 
classification of the filamentous phages is based on 
their helical symmetry, deduced from X-ray diffraction 
patterns of oriented fibers of intact phages (Marvin et 
al., 1974a; 1974b). Class I comprises the phages Ff, 
ZJ/2, If 1 and, IKe. They have a five-fold screw axis. 
Phages that lack this axis are gathered in class II. This 
class comprises the phages Pf1, Xf, and Pf3 
(Makowski, 1984; Day et al., 1988). 
The various filamentous phages have not been 
studied to the same extent. Best studied from a 
physiological and genetic point of view, are Ff and IKe 
(for a review, see Model and Rüssel, 1988). Com-
parison of the nucleotide sequences of their genomes 
has demonstrated that they have evolved from a 
common ancestor (Beck era/., 1978; van Wezenbeek 
et al., 1980; Beck and Zink, 1981; Hill and Petersen, 
1982; Peeters et al., 1985). The filamentous phage 
I2-2 is serologically related to phage IKeh, a host range 
mutant of IKe (Grant et al., 1978; Bradley et al., 1983). 
This indicates that these phages are also evolutionary 
related. Less extensively studied are the evolutionary 
more distantly related phages Pf1 and Pf3, of which the 
complete nucleotide sequences have been elucidated 
(Luiten et al., 1985; Hill étal., 1991). These phages do 
not show any nucleotide sequence homology, nor do 
they show such homology with phages Ff and IKe. 
Recently, the complete nucleotide sequence of the 
Xanthomonas phage Cf1c, which is probably a virulent 
form of phage Cf1t, has been reported (Kuo er al., 
1991). Comparison of its nucleotide sequence with 
that of phage Ff has shown no homology. 
Virus structure and genetic organization 
The Ff bacteriophage is a long filamentous particle 
composed of a circular single-stranded DNA molecule, 
6407 (M13, f1) or 6408 (fd) nucleotides in length, 
encapsulated in a flexible tubular protein sheath 
approximately 890 nm long and 6-7 nm wide (Denhardt 
ef al., 1978). The sheath is made up of five different 
phage encoded proteins. The major part of the protein 
sheat consists of approximately 2750 molecules of the 
major coat protein (the product of gene VIM) (Day and 
Wiseman, 1978). One end, the so-called Α-end, of the 
particle contains about five molecules of gene III protein 
(Goldsmith and Königsberg, 1977; Woolford et al., 
Figure 1.1 Genetic map of the genome of the 
filamentous bacteriophage М1Э. 
Genes are indicated by Roman numerals. IR refers to the 
major intergenic region located between genes IV and II, in 
which both the origins for viral and complementary strand 
synthesis and the c/s-acting element required for efficient 
phage assembly are located. 
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Table 1.3 Filamentous bacteriophages, their hosts and Inc-specificity. 
Phage Host Inc-
specificity 
References 
M13, fd,f1 
ZJ/2 
IKe 
I2-2 
If1 
X 
Escherichia coli 
Escherichia coli 
Escherichia coli 
Salmonella typhimurium 
Escherichia coli 
Salmonella typhimurium 
Escherichia coli 
Salmonella typhimurium 
Escherichia coli 
Salmonella typhimurium 
Serratia marcescens 
F 
F 
Ν, I2 
Ν, Ι2, Ρ 
Ι 
Χ, Μ, Ν, 
P-1.U.W, 
Ι2 
Χ-2 
tf1 
C-2 
Pf1 
Pf3 
Xf 
Cf 
Cf1t, Cf 1c 
Escherichia coli 
Salmonella typhimurium 
Serratia marcescens 
Escherichia coli 
Salmonella typhimurium 
Klebsiella oxytoca 
Salmonella typhimurium 
Serratia marcescens 
Proteus mirabilis 
Pseudomonas aeruginosa 
Pseudomonas aeruginosa 
Xanthomonas oryzae 
Xanthomonas citri 
Xanthomonas citri 
a 
b 
с 
none 
P-1 
none 
n.d. 
n.d. 
к 
I 
m 
η 
íi.d., not determined; Ine, incompatibility 
References: a (Loeb, 1960; Hofschneider, 1963; Marvin and Hoffmann-Berling, 1963; Zinder et ai, 1963), b (Bradley, 1964), с 
[Khatoon et ai, 1972), d (Coetzee et ai, 1962), e (Meynell and Lawn, 1968), f (Bradley et ai, 1981; Coetzee et ai, 1988), g 
[Coetzee et ai, 1988), h (Coetzee et ai, 1987), I (Bradley et ai, 1982), J (Takeya and Amako, 1966; Minamishima et ai, 1968), 
le (Stanisich, 1974), I (Kuo et ai, 1969), m (Dai et ai, 1980), η (Kuo et ai, 1987; Shieh et ai, 1991). 
1977), and about five molecules of gene VI protein (Lin 
et ai, 1980; Grant et ai, 1981). The other end, the so-
sailed B-end, contains about five molecules each of the 
arotein molecules encoded by gene VII and gene IX 
[Grant et ai, 1981; Simons et ai, 1981). In the protein 
sheath the single-stranded phage genome is oriented 
η such a manner that the DNA that codes for gene III 
arotein is located at the Α-end, while that which 
corresponds to the major non-coding part of the 
genome (intergenic region, vide infra), at the other end 
[Webster et ai, 1981). 
The genome of the Ff phage consists of ten genes 
which are arranged in three functional clusters (Figure 
1.1) (Beck et ai, 1978; van Wezenbeek et al., 1980; 
Hill and Petersen, 1982). The first cluster consists of 
the capsid genes (VII, IX, Vili, III, and VI). Gene III and 
gene VIM protein are synthesized as a precursor 
containing a N-terminal signal peptide (Konings et ai, 
1975; Goldsmith and Königsberg, 1977; Sugimoto et 
al., 1977; Schaller etat., 1978). The second cluster 
consists of genes I and IV which code for proteins that 
are indispensable for proper phage assembly (Mazur 
and Zinder, 1975; Wickner and Killick, 1977; Silver and 
Wickner, 1980). The third cluster comprises genes II, V, 
and X. Their protein products are of vital importance for 
the rolling-circle type DNA replication process of the 
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phage genome. The ten genes are tightly packed, i.e. 
there are very few gaps in the coding region and some 
genes overlap slightly at their ends. Gene X overlaps 
entirely with the 3' end of gene II, starting at an internal 
AUG which is in phase with codon 300 of gene II (Beck 
et al., 197Θ; van Wezenbeek et al., 1980; Hill and 
Petersen, 1982). Apart from the coding sequences an 
approximately 500 nucleotides intergenic region (IR) is 
present between genes II and IV (van den Hondel et 
al., 1976; Beck et al., 1978; van Wezenbeek étal., 
1980; Hill and Petersen, 1982). It encompasses five 
c/s-acting functional elements required for proper 
phage DNA replication and assembly: the origins of 
complementary (-) and viral (+) strand synthesis (Meyer 
and Geider, 1979b; Geider et al., 1978), the morpho-
genetic signal which is required for proper phage 
packaging (Dotto et al., 1981; Dotto and Zinder, 1983), 
a p-dependent transcription terminating signal (Moses 
and Model, 1984), and a replication enhancer (Geary 
and Ray, 1980; 1981; Dotto et al., 1981; 1982). A 
second, but smaller intergenic region of about 50 
nucleotides is located between genes III and VIII (Beck 
et al., 1978; van Wezenbeek étal., 1980; Hill and 
Petersen, 1982). It contains a p-independent tran-
scription termination signal and a transcription promoter 
(Edens et al., 1975; Sugimoto étal., 1977). 
Life cycle 
A schematic representation of the life cycle of 
phage Ff is depicted in Figure 1.2. Three stages can be 
distinguished: infection, replication, and assembly. 
infecting 
viral strand 
host 
factors 
EARLY+LATE 
'rolling circle' 
LATE./0? k 
ss DNA -
gYpcomplex дПр 
ν 
RFn 
phage 
assembly 
Figure 1.2 Life cycle of the filamentous bacteriophage M13. 
gllp, gene II protein; gVp, gene V protein; RF, replicative form DNA; ssDNA, single-stranded DNA; (+), viral strand; (-), 
;omplementarv strand. 
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Infection 
For absorption the Ff phage attaches to the tip of 
the F-pilus of the host (Саго and Schnös, 1966). Then, 
the phage is transported to the surface of the host cell 
by retraction of the pilus. At the surface, the phage 
genome enters the cell, while the protein molecules of 
the coat are deposited into the membrane (Marvin and 
Hohn, 1969). 
Replication 
Following infection, the viral DNA (SS) is replicated 
according to a rolling-circle type replication mechanism, 
in which three stages can be distinguished (Ray, 
1977). The first stage consists of the conversion of the 
infecting viral strand via an intermediate relaxed 
sovalently-closed double-stranded replicative form 
(RFIV), into a supercoiled parental double-stranded 
replicative form DNA (RFI): SS -* RFIV -» RFI. This 
conversion is completely dependent on host cell 
sncoded functions, such as RNA polymerase, DNA 
Dolymerase I and III, DNA gyrase, and DNA ligase 
(Brutlag era/., 1971; Wickner et al., 1972; Geider and 
Kornberg, 1974; Wickner and Kornberg, 1974). 
Subsequent transcription and translation of the 
resulting RFI molecule results in the synthesis of ten 
Dhage proteins. In stage II, replication of parental RFI 
/¡elds a pool of progeny RFI molecules: RFI -> RFI. For 
:his, the phage encoded gene II protein (gllp) is 
absolutely required. The protein introduces a specific 
lick in the (+) strand origin of the viral strand of RFI, 
hereby creating a З'-OH end which serves as a primer 
or subsequent rolling-circle type replication (Gilbert 
ïnd Dressler, 1968; Fidanián and Ray, 1972; Horiuchi 
ïnd Zinder, 1976). After one round of primer exten-
sion, gllp nicks the displaced viral strand at exactly the 
same position and covalently closes the newly 
synthesized double-stranded molecule resulting in a 
relaxed covalently closed RF molecule, and a displaced 
circular single-stranded viral molecule: RFI -» RFII -> 
RFIV + SS (Horiuchi and Zinder, 1976; Horiuchi era/., 
1979). The RFIV molecule is converted to RFI by DNA 
gyrase, and can undergo the stage II replication 
process again, whereas early in infection the SS 
molecule can either enter stage I or stage III of the 
replication process. In stage III, which starts late after 
infection, viral DNA is sequestered from the replication 
machinery by the single-stranded DNA binding protein 
encoded by gene V: RFI -» RFII -» SS (Salstrom and 
Pratt, 1971; Mazurand Model, 1973; Mazurand Zinder, 
1975). When the single-stranded DNA binding protein 
has reached a critical threshold concentration it binds 
specifically and co-operatively to the newly synthesized 
viral strand thereby preventing its conversion to RF. 
Thus the viral strand is made competent for assembly 
into progeny phage particles at the host cell membrane 
(Bayer, 1968; Pratt and Erdahl 1968; Salstrom and 
Pratt, 1971). 
Assembly 
In the inner membrane of the host cell, assembly of 
the virion occurs (Bayer, 1968; Lopez and Webster, 
1985; Rüssel, 1991). The mechanism of this process 
remains obscure. It requires the activity of two phage 
encoded membrane proteins, i.e. gip and gIVp {vide 
supra), at least one host protein, i.e. thioredoxin, and 
the morphogenetic signal (Rüssel, 1991). Concom-
itantly with the extrusion of the newly assembled virion 
through the membrane, the gVp molecules in the 
gVp»viral genome complex, are exchanged for coat 
protein molecules (Webster and Lopez, 1985). The 
released gVp molecules are re-used to sequester more 
newly synthesized viral strands (Pratt et al., 1974). 
CHAPTER 2 
SELECTION AND CHARACTERIZATION OF RANDOMLY PRODUCED MUTANTS 
OF GENE V PROTEIN OF BACTERIOPHAGE M13 
A.P.M. STASSEN, G.J.R. ZAMAN, J.M.A. VAN DEURSEN, J.G.G. SCHOENMAKERS, and 
R.N.H. KONINGS (1992) Eur. J. Biochem. 204: 1003-1014. 
ABSTRACT 
Gene V protein of bacteriophage Ff (M13, f1, fd) is a master regulator of phage DNA 
replication and phage mRNA translation. It exerts these functions by binding to single-
stranded viral DNA or to specific sequences in the 5' ends of its target mRNAs, 
respectively To study the structure/function relationship of gene V protein, M13 gene V 
was inserted in a phagemid expression vector and a library of missense and nonsense 
mutants was constructed by random chemical mutagenesis. Phagemids encoding gene 
V proteins with decreased biological activities were selected and the nucleotide 
sequences of their gene V fragments were determined. Furthermore, the mutant 
proteins were characterized both with respect to their ability to inhibit the production of 
phagemid DNA transducing particles and their ability to repress the translation of a 
chimeric lacZ reporter gene whose expression is controlled by the promoter and 
translational initiation signals of M13 gene II. From the data obtained, it can be deduced 
that the mechanism by which gene V protein binds to single-stranded DNA differs from 
the mechanism by which it binds to its target sequence in the gene II mRNA. 
INTRODUCTION 
The protein encoded by gene V (gVp) of the 
filamentous single-stranded DNA (ssDNA) bacterio-
phage Ff (M13, f1 , fd) both regulates the replication 
and the expression of the viral genome (for a review, 
see Model and Rüssel, 198B). Late in infection, when 
its concentration has reached a certain critical threshold 
level, gVp switches the rolling-circle type replication of 
the phage genome from the production of double-
stranded replicative form DNA (RF) to the asymmetric 
synthesis of progeny viral strands. GVp accomplishes 
this switch by binding in a co-operative manner to newly 
replicated viral strands, thereby preventing their 
conversion to replicative form I (RFI) and concomitantly 
initiating their packaging into progeny phages at the 
host cell membrane (Salstrom and Pratt, 1971) 
Besides the sequestering of viral DNA from the 
replication cycle, gVp also represses, among other 
phage genes (Zaman era/., 1991), the translation of 
the mRNA that codes for the initiator protein of viral 
strand replication, i.e. gene II protein (gllp), via specific 
binding to the 5' non-translated leader of gene II mRNA 
(Model e ra / , 1982; Yen and Webster, 1982, Michel 
and Zinder, 1989a; 1989b; Zaman era/., 1990) 
Since its first isolation, gVp has been an important 
model molecule for the study of the mechanisms by 
which proteins and nucleic acids interact (Alberts et al., 
1972; Oey and Knippers, 1972). GVp is a rather small 
single-stranded DNA binding protein (87 amino acids; 
molecular mass 9.7 kDa), that is produced in abundant 
amounts in the bacteriophage Ff infected cell (105 -10 6 
molecules per cell per generation). In solution it mainly 
occurs as a dimer that binds to ssDNA in a co-operative 
manner (Pretonus et al., 1975; Cavalieri e ra / , 1976; 
Porschke and Rauh, 1983) The crystal structure has 
been examined by X-ray diffraction studies to 0.23 nm 
resolution (Brayer and McPherson, 1983; 1984a; 
1984b) and the secondary structure of the molecule in 
solution has been investigated by 1H-NMR techniques 
(van Duynhoven era/., 1990; Folkers era/., 1991). The 
protein is entirely composed of anti-parallel ß-structures 
with some connecting loops. Comparison of the 
structures deduced from the 1H-NMR and crystal-
lographic data has revealed that the global folding of 
gVp in solution and in the crystal is similar, but that with 
respect to the local positions of the individual ammo 
acids, significant differences have been found (van 
Duynhoven et al., 1990; Folkers et al., 1991). 
One of the major aims of our studies on gVp is to 
elucidate its structure/function relationship. In particular 
we are interested to know the domains and amino acids 
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that are involved in the expression of the different 
functional properties of the protein. To this end, M13 
gene V was placed under the control of the inducible 
promoter of a phagemid expression vector, and a library 
of gVp mutants was constructed via random chemical 
mutagenesis. Mutant proteins with biological properties 
different from that of wild-type gVp were selected by 
means of an in vivo negative genetic complementation 
assay. This assay is based upon the observation that 
the propagation of a Ff helper phage and the 
production of phagemid DNA transducing particles that 
confer resistance to ampicillin, is less efficient in cells 
expressing wild-type gVp than in cells expressing a 
biological defective gVp (Cf. Fulford and Model, 1988a; 
Terwilliger et al., 1988). Clones encoding gVp 
molecules with a biological activity different from that of 
wild-type gVp were selected and the nucleotide 
sequences of the corresponding gene V fragments 
were established. Subsequently, the mutant proteins 
were further characterized with the aid of two 
functionally different in vivo assays. The first assay, a 
negative genetic complementation assay, relies on the 
inhibitory effect of wild-type gVp on the production of 
phagemid DNA transducing particles extruded from 
superinfected phagemid harbouring cells, under 
induced and non-induced conditions. In the second 
assay, the capability of the wild-type and mutant gVp 
molecules to repress the synthesis of a chimeric 
reporter protein, encoded by a fusion gene composed 
of the 5' end of M13 gene II and the 5'-truncated ß-
galactosidase gene of Escherichia coli, was measured 
(Zamanefa/., 1990). 
Mutations in gVp that resulted in a decreased 
inhibition of the propagation of the helper phage or in a 
decreased translational repressor activity, were found 
to be randomly distributed along the gVp amino acid 
sequence. Comparison of the data of the two 
'biological activity' assays revealed that most mutants 
behaved similarly in both assays. However, of some 
mutants the biological activity was significantly more 
affected in one assay than in the other. This suggests 
that the mechanism by which gVp binds to ssDNA 
differs from the mechanism by which it binds to the 5' 
non-translated leader of gene II mRNA. 
MATERIALS AND METHODS 
Bacterial strains, phages, plasmids and 
phagemids 
M13 wild-type phage and Ff helper phage R408 
(Rüssel et al., 1986) were propagated in the 
Escherichia coli strain K38 (Hfr (Cavalli), tonA22, 
дагВЮ, ompF627, relA1, pit-10, spoT1, metB+, T2r, 
P02A, phoA4); recombinant plasmids and phagemids 
in E. coli JM109 (recA1, endA1, gyrA96, thi, hsdR17, 
supE44, relA1, \-,A(lac-proAB), [F, traD36, proAB, 
lacPZAM15i) or in E. coli MC1061 [F] {araD139, A(ara-
leu)7697, MacX74, galU, galK, hsr', hsm+, rpsL, rifT, 
[F'ts, Tn5, lac, karf]). The latter strain was constructed 
by conjugation of E. coli JM83[F'] {ara, A(lac-proAB), 
rpsL, ф80, lacZAM15, [F' t s, Tn5, lac, karf]) and the 
rifamDicin resistant E. coli strain MC1061 laraD139. 
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Figure 2.1 Schematic representation of the 
construction of the phagemids pGC2V w t , pMS, 
and pMSVw t. 
(A) Procedure for the isolation of the M13 fragment 
containing gene V, and manipulations that were carried out to 
make it suitable for insertion into phagemid pKUN19. The 
gene V fragment comprises nucleotides 774 through 1129 of 
the M13 genomic map (van Wezenbeek et al., 1980). The 
location of the phage genes is indicated by Roman numerals. 
IR, intergenic region. The direction of transcription is as 
indicated. (B) Schematic representation of the construction 
of phagemid pGC2Vw t used for random chemical muta­
genesis. (C) Schematic representation of the construction of 
the expression phagemid pMSVy^. Only the relevant restric­
tion sites are indicated. 
A(ara-leu)7697, AlacX74, galU, galK, hsr-, hsm+, rpsL, 
rif1) (Casadaban and Cohen, 1980). Single-stranded 
phagemid DNA transducing particles were produced 
via superinfection of E. coli MC1061[F'] cells with 
helper phage R408. 
Plasmids and phagemids used in this study, and 
whose construction plus properties have been 
described elsewhere, are: pKUN19 (Konings era/., 
1987), pG2 (Johnston et al., 1985), pGC1, pGC2 
(Myers et al., 1985), and pZII (Zaman et ai, 1990). 
Plasmid plNG19 contains a truncated arabinose 
operon of Salmonella typhimurium, comprising the 
regulator gene araC plus its promoter and operator, and 
the 5' end of the araB gene (araB) plus its promoter 
and operator (Figure 2.1). The araB' fragment is 
transcribed in an opposite direction as the araC gene. 
plNG19 was constructed by substitution of the gene II 
containing EcoRI-Sa/l fragment of plasmid pG2 by the 
EcoRI-Sa/l fragment from phagemid pKUN19 
containing the multiple cloning site. 
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Growth media 
Cells were normaly grown in 2xYT media (Miller, 
1972), except for the cells used in the ß-galactosidase 
assays. These were grown in LB medium (Miller, 1972). 
When appropriate, ampicillin and/or kanamycin were 
added at concentrations of 100 цд/ті. To induce the 
expression of gene V in phagemid pMSV^ or pMSVmt 
harbouring cells, L-arabinose was added to a final 
concentration of 0.4% (mass/vol.). 
DNA manipulations 
Basic techniques, such as plasmid/phagemid isola­
tion, restriction endonuclease mapping, gel electro­
phoresis, ligation, and transformation, followed the 
procedures as described by Sambrook et al. (1989). 
DNA sequence analysis was performed by the chain 
termination method of Sanger et al. (1977), using the 
19-base primer, S'-dCTGGCACGCGCTGGACGCG-S', 
which is complementary to a GC-rich reqion (the GC-
clamp) in the phagemids pGC1/pGC2 and pMS (Myers 
et al., 1985). 
Construction of phagemids 
The procedures followed for the construction of 
the phagemids used for random mutagenesis and for 
expression studies of gene V are schematically drawn 
in Figure 2.1. 
The mutagenesis phagemids pGC1Vw ( and 
pGC2Vw t were constructed by insertion of a gene V 
containing Mboll-Tagl fragment of M13 RFI (van 
Wezenbeek et al., 1980) in the Sma\ site of phagemid 
pKUN19, resulting in phagemid pKUNVw t. In the 
desired orientation, gene V is flanked by a БатНІ site at 
its 5' end and an EcoRI site at its 3' end. Subsequently, 
the gene V containing EcoRI-öamHI fragment was 
inserted in the phagemids pGC1 and pGC2, that had 
been digested with EcoRI and БатНІ. The latter two 
nhanemids differ from each other with resDect to the 
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orientation of their multiple cloning sites. After 
selection and characterization of the phagemids 
p G C 1 V w t a n d pGC2Vw t, they were used for the 
chemical mutagenesis procedure described below. 
The advantage of having two recombinant phagemids 
with gene V in a different orientations is that upon 
superinfection of cells harbouring p G C 1 V w t o r 
pGC2V w l with helper phage R408, either strand of 
gene V can be separately packaged into single-
stranded phagemid DNA containing particles. 
For the construction of the expression phagemid 
pMS, phagemid pGC2 and plasmid plNG19 were used. 
The EcoRI-Sa/l fragment of plasmid plNG19 containing 
the truncated operan, was inserted in phagemid pGC2, 
that had been digested with Xho\ and EcoRI, resulting 
in phagemid pMS. Subsequently, the EcoRI-Sa/l 
fragment of рСС2\/^ or pGC2Vmt (or pKUNVwt) was 
inserted inbetween the EcoRI and the Sal\ sites of 
phagemid pMS, resulting in the phagemids pMSV^ or 
pMSVmt. In phagemid pMSV^, and pMSVmt, gene V is 
under control of the L-arabmose inducible araBAD 
(Para) promoter (Horwitz era/., 1981). In the araff-gene 
V region, the araS" reading frame is continued in the 3' 
end of gene II. The translation of the araß'/'ll fusion 
protein terminates at the same nonsense codon as the 
translation of gene II in phage M13. The araBTW fusion 
protein is composed of the first 142 amino acid 
residues of ribulokmase (encoded by araB) (Lin et ai, 
1985), followed by 5 amino acid residues encoded by 
part of the pKUN19 multiple cloning site sequence, 
and the last 18 amino acid residues of gllp. In phagemid 
pMSVW| the gene V containing fragment from phage 
M13 comprises the gene V promoter (Go 12) (Smits, 
1982). 
Melting transition of the fragment encom-
passing gene V 
In the chemical mutagenesis procedure used 
(Myers era/., 1985), the conditions were chosen such 
that only 10% to 20% of the target fragments contain a 
lesion. To enrich the fragments that contain a mutation 
a denaturing gradient gel electrophoresis system was 
applied. In this system, DNA fragments migrate in an 
ascending dénaturant concentration. At a certain 
dénaturant concentration the DNA undergoes a helix-
to-coil transition, which is accompanied by an abrupt 
decrease in the mobility of the DNA fragment. This is a 
consequence of the entanglement of the branched 
DNA molecule in the gel. Fragments of identical size, 
but differing by only one base pair, will melt at different 
dénaturant concentrations and as a result will be locked 
at different positions in the gel. The resolving power of 
[he gel is lost when the two strands of the DNA 
íragment are separated completely, because the single 
strands keep on migrating without entanglement. To 
prevent complete strand dissociation, a so-called GC-
:lamp, which is a GC-nch region that remains helical 
aver the entire range of dénaturant concentration 
jsed, was covalently coupled to the target fragment. 
To determine the melting behaviour of the 
fragment containing wild-type gene V, 25 μg of 
3GC1 да, RFI or pGC2Vwt RFI was digested with EcoRI 
and /-//ndlll or SamHI and H/ndlll, respectively. In both 
cases fragments are obtained in which gene V is 
covalently coupled either at its 5' (pGCIVwt) or 3' end 
(pGC2Vwt) to the GC-clamp. After digestion the DNA 
was concentrated by ethanol precipitation and 
resuspended in 200 μΙ of E buffer (1 mM EDTA, 20 mM 
sodium acetate, 40 mM Tns»HCI pH 8.0) and 20 μΙ of 
loading buffer (0.25% bromophenol blue (mass/vol.), 
0.25% xylene cyanol (mass/vol.), 50% glycerol 
(voL/vol.)). The solution was layered across the top of a 
6.5% Polyacrylamide gel (mass/vol.) (acrylamide/bis-
acrylamide = 37.5:1), with a dénaturant gradient from 
0% to 80% perpendicular to the direction of 
electrophoresis in E buffer. 100% dénaturant corre-
sponds to 7 M urea and 40% (vol./vol.) formamide. 
Electrophoresis was performed at 60 °C for 5 hr and 
150 V in a LKB 2001 Vertical Electrophoresis Unit. 
Thereafter the gel was stained with 1.5 μg/ml ethidium 
bromide in E buffer. 
The stained patterns revealed that each fragment 
had only a single inflection point and consequently 
only one melting domain. For the gene V fragment 
containing the GC-clamp at its 5' end the inflection 
point was at 30%; while for the fragment containing the 
GC-clamp at its 3' end, the inflection point was at 24% 
dénaturant. On the basis of these results, for the 
separation of wild-type gene V containing fragments 
from those containing a mutated gene V, a 10% to 40% 
dénaturant gradient was used. 
Saturation Mutagenesis 
Chemical mutagenesis in vitro was performed 
essentially as described by Myers et al. (1985). The 
procedure is schematically outlined in Figure 2.2. 
ssDNA of phagemid pGC1Vwt and pGC2Vwt was 
isolated from phagemid DNA transducing particles, 
produced by E. coll MC1061[F', pGC1Vwt] or E. coll 
MC1061[F',pGC2Vwt] that had been supennfected 
with the helper phage R408. The ssDNA was treated 
with three different mutagens in such a way that, 
according to Myers et al. (1985), 10%-20% of the target 
fragments contain a (single) lesion. The chemical 
mutagens used and their potential base changes 
(transitions and transversions) are as follows: nitrous 
acid, С to Τ and A to G; formic acid, A and G to all bases; 
hydrazine, С and Τ to all bases. 
To 40 μΙ of ssDNA at a concentration of 1 mg/ml, 10 
μΙ of 2.5 M sodium acetate pH 4.3, 2 M NaNÜ2 was 
added. This mixture was incubated at room tempera-
ture for 26 minutes. For the formic acid treatment 60 μΙ 
of 18 M formic acid was added to 400 μΙ of ssDNA at a 
concentration of 1 mg/ml, and incubated for 4 minutes 
and 20 seconds at room temperature. To mutate the 
DNA with hydrazine, 800 μΙ of 16 M hydrazine was 
added to 40 μΙ of ssDNA at a concentration of 1 mg/ml, 
and incubated for 4 minutes and 20 seconds at room 
temperature. Immediately after the incubations the 
DNA was concentrated by ethanol precipitation at 
-70 'C for 10 minutes, by the addition of 200 μΙ of 2.5 
M sodium acetate, 100 μΙ of distilled H 2 0, and 1 ml of 
96% ethanol. The DNA was resuspended in 80 μΙ of TE 
buffer (1 mM EDTA, 10 mM Tns»HCI pH 7.6). From the 
chemically modified single-stranded template, double 
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stranded DNA was synthesized via annealing of the 19-
base oligonucleotide primer and extending with avian 
myeloblastosis virus reverse transcriptase. As a 
consequence of the mutagenesis procedure, the 
primer extension products will contain misincorpora-
lions at positions corresponding to the damaged base 
эп the single-stranded template DNA. Following exten­
sion by reverse transcriptase, the double-stranded 
gene V fragment was excised with EcoRI and SamHI 
and inserted in non-mutagenized pGC2, that had been 
digested with the same restriction enzymes. After 
igation and transformation of E. coli MC1061[F'], the 
transformed cells were plated on 2xYT agar plates 
supplemented with ampicillin. After incubation over­
night, the colonies were pooled and grown overnight in 
2xYT media supplemented with ampicillin. Double-
stranded phagemid DNA was isolated from these 
sulfures and digested with Hind\\\ and Salì, leaving 
gene V and the GC-clamp on the same DNA fragment. 
*fter phenol extraction and ethanol precipitation, the 
Figure 2.2 Schematic diagram of the muta-
genesis procedure. 
The gene V containing fragment can be excised with 
enzymes S and C, or β and D, and the gene V fragment plus 
the GC-clamp with enzymes A and C, or A and D. A 
designates a H/'ndlll site; В and С designate SamHI and 
EcoRI sites respectively for pGCIVy^, and EcoRI and SamHI 
sites respectively for pGC2Vwt; D designates a San site. A 
single line, a double line, and a dashed line represent single-
stranded DNA, double-stranded DNA, and newly synthesized 
DNA, respectively. The black box indicates the 19-base 
primer. The asterisks represent bases modified by chemical 
treatment. 
(a) Single-stranded pGCIV^ and pGC2Vwt are treated with 
mutagens, (b) The 19-base oligonucleotide primer is 
annealed to the single-stranded phagemids and extended 
with avian myeloblastosis virus reverse transcriptase, (c) 
The double-stranded gene V fragment is excised with 
enzymes S and С and inserted in non-mutagenized pGC2. (d) 
E. coli is transformed and the phagemids, which are 
extracted from the pool of transformants, are digested with 
the enzymes A and D, leaving gene V and the GC-clamp on 
the same DNA fragment, (e) The restriction fragments are run 
on a denaturing gradient gel. (f) The DNA bands above and 
beneath the wild-type band are excised from the gel. Then 
the DNA is eluted and ligated with phagemid pMS. (g) E. coli 
is tranformed and the transformants are subjected to a 
selection based on negative genetic complementation, (h) 
The nucleotide sequence of the selected mutants was 
established. The schematic diagram is modified from that of 
R.M.Myers era/. (1985). 
DNA was dissolved in E buffer supplemented with 10% 
loading buffer and subsequently loaded (approximately 
5 дд of DNA per lane) on top of a 6.5% Polyacrylamide 
gel (mass/vol.) (acrylamide/bisacrylamide = 37.5:1), with 
a dénaturant gradient from 10% to 40% in E buffer, 
parallel to the direction of electrophoresis (100% 
dénaturant defined as above). After electrophoresis, in 
E buffer, at 60 °C for 4.5 hour and 150 V, the gel was 
stained with 1.5 μΙ/ml ethidium bromide in E buffer. The 
DNA bands above and beneath the wild-type gene V 
band were excised from the gel and the DNA was 
isolated by crushing the acrylamide with a solid glass 
rod, and eluting overnight at 37 'C with 400 μΙ of 
elution buffer (0.5 M ammonium acetate, 0.1% SDS, 
1mM EDTA). The fragments were concentrated by 
ethanol precipitation and inserted into phagemid pMS, 
which had been digested with H/ndlll and Sal\. After 
transformation and plating of E. coli MC1061[F'], 
appropriate gene V mutants were selected out of the 
pool of potential mutants by subjecting individual 
colonies to an in vivo assay based on negative genetic 
complementation. 
Selection of gene V mutants 
To identify, from a collection of random clones that 
contain both mutant and wild-type gene V, the mutants 
encoding gVp molecules with biological properties that 
are different from those of wild-type gVp, the single-
stranded phagemid, and helper phage DNA produced 
upon superinfection with helper phage by induced 
cells harbouring the gene of interest, is compared to 
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that of induced cells harbouring pMSV^. To determine 
the amount of ssDNA from phagemids and helper 
phages extruded from infected cells, 5 μΙ of an 
overnight culture of E. coli MC1061[F',pMSVwt] or E. 
coli MC1061 [F\pMSVmt] was used to inoculate a 5 ml 
sample of 2xYT medium which was supplemented with 
of 0.4% (mass/vol.) L-arabinose. After incubation for 
1.5 hr at 37 'C until early exponential phase, 1 0 1 0 
plaque forming units of the helper phage R408 (10 μΙ) 
were added and incubation was continued overnight. 
Cells were removed by centrifugation and the phages 
and transducing particles were precipitated from the 
supernatant by precipitation with 0.4% (mass/vol.) PEG 
6000, 0.5 M NaCI. The ssDNA was isolated by phenol 
extraction, and analysed by electrophoresis on a 1% 
agarose gel. 
Negative genetic complementation assay 
The number of phagemid DNA transducing 
particles was determined by means of the negative 
genetic complementation assay. Two 5 ml samples of 
2xYT medium, of which one was supplemented with 
0.4% (mass/vol.) L-arabinose, were inoculated with 5 μΙ 
of an overnight culture of E. coli MCIOeifF'.pMSVwt] or 
E. coli MC1061 [F\pMSVm t], and were incubated for 
1.5 hr at 37 'C until early exponential phase. Then 
10 1 0 plaque forming units of the helper phage R408 
(10 μΙ) were added and incubation was continued 
overnight. Cells were removed by centrifugation and 
100 μΙ of the supernatant was incubated for 3 minutes 
at 65 'C to kill the remaining bacteria. To measure the 
number of transducing particles by titration, 10 μΙ of 
appropriate dilutions of the supernatant was added to 
100 μΙ of an overnight culture of E. coli MC1061 [F'] and 
190 μΙ of 2xYT medium. After incubation for 10 minutes 
at 37 'C (without shaking to enable the phagemids to 
infect the cells), the mixture was spread on 2xYT agar 
plates supplemented with ampicillin and incubated 
overnight at 37 "C. Following this incubation, the 
number of ampicillin resistant colonies were counted. 
Translational repression assay 
To monitor the translational repression activity of 
gVp (wild-type or mutant), ß-galactosidase assays were 
performed as described previously (Miller, 1972; 
Zamane/a/., 1990). 
Immunoreagents 
M13 gene V protein was isolated as described 
elsewhere (Garssen et al., 1977; van Duynhoven et al., 
1990). Polyvalent rabbit (New Zealand White) anti-gVp 
serum was raised by subcutaneous injection of 0.5 mg 
of purified gVp in 1 ml of complete Freund's adjuvant. 
After three weeks, the rabbit was boosted with 0.5 mg 
of gVp in 1 ml of incomplete Freund's adjuvant. This 
procedure was repeated twice at two-week intervals, 
and two weeks after the last booster serum was 
collected and the gVp antibody titer was established 
according to standard procedures (Harlow and Lane, 
19ΘΘ). Goat alkaline-phosphatase linked anti rabbit 
serum used to stain the immunoblots, was purchased 
from Zymed. 
SDS-polyacrylamide gel electrophoresis and 
immunoblotting 
SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) was used to determine the level of gVp 
synthesis encoded by M13 gene V (wild-type or 
mutant) carried either by phagemid pMS or by wild-type 
phage. To this end, two 50 ml samples of 2xYT 
medium, of which one was supplemented with L-
arabinose, were inoculated with 100 μΙ of an overnight 
culture of E. coli MC1061[F'] harbouring pMSVw t or 
pMSV m t . After incubation of the cultures at 37 'C 
overnight the cells were harvested and the proteins 
analysed by SDS-PAGE. To measure the level of 
production of gVp by M13 infected cells, first 50 ml of 
2xYT medium, supplemented with kanamycin, was 
inoculated with 100 μΙ of an overnight culture of E. coli 
MC1061[F']. When the culture had reached a density 
of approximately 108 cells/ml, 100 μΙ of 1 M СаСІг and 
100 μΙ of M13 wild-type bacteriophage (101 2 plaque 
forming units/ml) were added and incubation was 
continued under vigorous shaking at 37 "C overnight. 
As a reference, uninfected cells were also grown in the 
same medium at 37 "C overnight. Subsequently, the 
cells were harvested and the proteins analysed by 
SDS-PAGE. 
Cells, corresponding to a 2.5 ml culture with an 
optical density of 1.8 at 600 nm (lightpath 1 cm), were 
harvested by centrifugation and resuspended in 250 μΙ 
of SDS sample buffer (2% SDS (mass/vol.), 10% 
glycerol (vol./vol.), 5% 2-mercaptoethanol (vol./vol.), 
62.5 mM TriS'HCI pH 6.8). The cells were lysed by 
heating for 5 minutes in a boiling waterbath. After 
centrifugation for 15 minutes, to remove the remain­
ders of the cell walls, proteins were extracted from the 
supernatant with an equal volume of phenol saturated 
with TE buffer. The phenol and water phases were 
separated by centrifugation and the proteins were 
precipitated from the phenol and interphases with a 5-
fold volume of acetone/0.1 M acetic acid (-20 °C for 60 
minutes). The pellet was washed once with ethanol/ 
diethylether (1:1 (vol./vol.)) and once with diethylether. 
Then the proteins were dissolved in 75 μΙ of SDS 
sample buffer. 10 μΙ of these samples were analysed 
on a SDS-polyacrylamide gradient (10%-20%) slab gel 
(Laemmli, 1970). After electrophoresis, the proteins 
were visualized either by staining with 0.25% 
(mass/vol.) Coomassie Brilliant Blue R-250 in 45% 
(voL/vol.) methanol, 10% (vol./vol.) acetic acid or by 
immunodetection. For immunodetection the proteins 
were transferred onto a nitrocellulose sheet by 
electroblotting at 5 'C for 2 hr and 90 V in a Bio-Rad 
Trans-blot Cell. Then the sheet was blocked for one 
hour at room temperature with a 3% (mass/vol.) solution 
of bovine serum albumin, followed by incubation for 
one hour with a 1/1000 dilution of rabbit polyvalent anti­
serum raised against gVp in a volume of 40 ml. 
Subsequently, the blot was incubated for one hour 
with 40 ml of a 1/7500 dilution of alkaline phosphatase-
conjugated goat anti-rabbit serum. Finally the blot was 
stained by incubation at room temperature with 30 ml of 
a solution containing nitroblue-tetrazolium chloride (0.2 
mg/ml) and 5-bromo-4-chloro-3-indolyl phosphate 
(0.05 mg/ml) in stainingbuffer (0.1 M NaCI, 5 mM MgCI2, 
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0.1 M Tr¡s»HCI pH 9.5). 
RESULTS 
General approach 
To study the relationship between structure and 
function of M13 gVp, mutants of gene V have been 
constructed via a random chemical mutagenesis 
technique. To obtain all types of mutants, including 
those which are normally lethal to the phage, gene V 
was cloned in the expression phagemid pMS (Figure 
2.1). Apart from the ampicillin resistance gene and the 
ColE1 origin of replication, this plasmid possesses 
several other unique properties. Firstly, gene V is 
placed under the control of the arabinose inducible 
araBAD promoter. Secondly, a GC-rich region lies next 
to gene V, which enables the separation of wild-type 
and mutant gene V on denaturing Polyacrylamide gels, 
following the chemical mutagenesis procedure. Thirdly, 
due to the presence of the plus-strand origin and the 
morphogenetic signal of phage Ff, single-stranded 
phagemid DNA can be synthesized and packaged into 
phagelike particles, upon superinfection of pMSVy^ or 
pMSVmt harbouring cells with a helper phage. 
Gene V was randomly mutagenized with each of 
the three different mutagens nitrous acid, formic acid, 
and hydrazine. After incubation and complementary 
strand synthesis, the mutated DNA was separated from 
the wild-type DNA by means of electrophoresis on 
denaturing Polyacrylamide gels (Materials and Meth-
ods). Subsequently, a negative genetic complemen-
tation assay was used to identify the gene V mutants 
that encode gVp with biological characteristics that are 
different from those of wild-type. 
The biological properties of the mutants were 
established with the aid of two in vivo assays. In the first 
assay the number of transducing particles produced by 
cells that harbour gVp prior to superinfection with Ff 
helper phage R408, is quantitatively measured. In the 
second assay the translational repressor activity of wild-
type and mutant gVp was determined. To verify 
whether, as a result of the mutagenesis procedure, the 
level of production of mutant gVp was still comparable 
to that of wild-type, the amount of gVp present in cells 
harbouring either phagemid pMSVwt, or pMSVmt was 
also compared by electrophoresis on Polyacrylamide 
gels. 
Synthesis of pMSVwt encoded gVp 
To compare the level of gVp synthesis of wild-type 
gene V, under control of the arabinose promoter in 
pMSVw t , with the level of gVp synthesis in M13 
infected cells, the proteins prepared from cell extracts 
were analysed by SDS-PAGE (Figure 2.3). From the 
banding patterns of the Coomassie Brilliant Blue 
stained gel and the immunoblot (Figure 2.3, lanes 3 
and 5), it can be concluded that the level of gVp 
synthesis in cells harbouring pMSV^ is almost identical 
to that produced in phage M13 infected cells. The low 
level of gVp synthesis in cells containing pMSVwt> 
under non-induced conditions (Figure 2.3, lane 4), is 
caused by constitutive synthesis from the weak gene V 
promoter, which also is present in this construct. The 
latter conclusion is supported by the observation that in 
the absence of L-arabinose the level of gVp synthesis, 
from a gene V containing fragment that is inserted in 
phagemid pMS in an opposite orientation as the 
fragment present in pMSVwt, is identical to that 
instructed by pMSVwt. 
Mutagenesis and selection of gene V 
mutants 
To obtain all theoretically possible nucleotide 
substitutions with the mutagens used, both strands of 
gene V were chemically treated. To reduce the number 
of multiple mutations in one target molecule, condi-
tions were chosen such that only 10%-20% of the 
target molecules contain a lesion. To separate mutant 
fragments from the wild-type ones, electrophoresis on 
denaturing Polyacrylamide gels was used. Eventually 
534 potential mutants (including those without a gene 
V insert in phagemid pMS) were isolated. Gene V 
mutants were selected out of this pool of potential 
mutants by subjecting individual colonies to an in vivo 
assay based on negative genetic complementation. 
The negative genetic complementation assay is 
based on the observation that cells containing wild-
type gVp are unable to give rise to efficient phage or 
transducing particle production upon superinfection of 
these cells with a Ff helper phage (e.g. R408). The 
reason for this phenomenon is the fact that gVp 
interferes with the propagation of the phage. However, 
in cells that do not contain gVp or that produce a 
biologically inactive gVp, the propagation of the helper 
phage and the production of transducing particles is 
not impaired. The extent of helper phage and/or 
transducing particle production can both be monitored 
via the analysis of the amount of ssDNA extruded, and 
by counting of the number of transducing particles in a 
classical transduction experiment. 
In order to screen the pool of potential mutants for 
real mutants, the amount of ssDNA present in the 
transducing particles and helper phages, produced by 
cells harbouring pMSVmt and grown in the presence of 
L-arabinose, was compared by agarose gel electro-
phoresis to the amount of ssDNA that can be isolated 
from transducing particles and helper phages 
produced by cells containing pMSVwt. As shown in 
Figure 2.4 (lane 2) the amount of ssDNA that can be 
isolated from the culture supernatant of induced cells 
containing wild-type gVp, is fairly identical to the 
amount of ssDNA from the helper phages used for 
superinfection. If the induced cells contain, however, a 
biological inactive gVp, e.g. as a result of a nonsense 
ochre mutation, than the amount of single-stranded 
phage and transducing particle DNA that can be 
detected in the culture supernatant after helper phage 
infection is dramatically increased (Figure 2.4, lane 4). 
The screening of the potential mutants enabled us to 
subdivide the clones, apart from the clones with no 
insert that were not further considered, into two 
different classes: one consisting of clones with 'wild-
type phenotype', i.e. resulting in very little or no ssDNA 
production after superinfection, and the other with 
'ocftre-mutant phenotype', i.e. resulting in high or inter-
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Figure 2.3 The level of wild-type gVp synthesis. 
The level of gVp synthesis in wild-type bacteriophage M13 infected E coli MC1061[F'] cells was compared with the level of gVp 
synthesis in E. coli МСЮбІ^.рМБ ^ ] cells via fractionation of the proteins present in cells on SDS-PAGE. (A) Photograph of 
a SDS-polyacrylamide gel stained with Coomassie Brilliant Blue R-250. (B) Photograph of the immunoblot of the gel shown in A 
and stained with alkaline phosphatase-conjugated antibodies and 5-bromo-4-chloro-3-indolyl phosphate. 
Lane 1: reference gVp. Lane 2: Proteins from E. coli MC1061[F']. Lane 3: Proteins from E. coli MC1061[F] infected with wild-
type bacteriophage M13. Lane 4: Proteins from E. coli MC1061[F',pMSVwt] grown in the absence of L-arabinose. Lane 5: 
Proteins from E. coli MC1061 [F',pMSVwt] grown in the presence of 0.4% L-arabinose. An amount of protein equivalent to 0.3 ml 
of cell culture of ODgoo = 1 -8 (Hghtpath 1 cm) was loaded per lane. 
mediate production of single-stranded helper phage 
and transducing particle DNA (Table 2.1). 
To obtain mutants with silent mutations and to get 
an impression of the efficiency of enrichment of mutant 
fragment vs. wild-type fragment with the aid of 
denaturing gel electrophoresis, the nucleotide se­
quence of forty potential mutants with a so-called 'wild-
type phenotype' was elucidated. Surprisingly, the 
nucleotide sequences of all of them were identical to 
that of wild-type gene V. From these data it thus can be 
concluded that the separation of wild-type and mutant 
fragments on the denaturing gel system used, is not 
absolute, for a substantial amount of the fragments in 
the 'mutant regions' of the gel is actually wild-type. 
The potential mutants whose biological properties 
differ from those of wild-type gVp, according to the 
selection based on the ssDNA production, were further 
analysed with a 'packaging inhibition assay'. In this 
assay the amount of transducing particles produced by 
helper phage infected cells grown both in the absence 
and presence of L-arabinose is compared. As shown in 
Figure 2.4, cells containing phagemid pMSVwt are able 
to efficiently produce transducing particles only under 
non-induced conditions (lane 1), i.e. conditions under 
which fairly no wild-type gVp in the cells is present. If 
the cells contain, however, a prematurely terminated 
gVp, the amount of transducing particles produced 
either under induced or non-induced conditions is fairly 
identical (Figure 2.4, lanes 3 and 4). The number of 
transducing particles is determined by titration and the 
'packaging inhibition activity' is defined as the ratio of 
the number of transducing particles extruded from cells 
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Figure 2.4 Negative genetic complementation 
assay. 
Agarose gel analysis of the ssDNA (helper phage and 
phagemid) secreted by E. coli MC1061[F',pMSVwt] and E. 
coli MC1061[F',pMSVGinio-oc/)re] a " e r infection with helper 
phage R408. 
Lane 1: Non-induced E. coli MC1061[F',pMSVwt]. Lane 2: 
Induced E coli MC1061 [F',pMSVwt]. Lane 3: Non-induced E. 
coli MC1061[F',pMSVGinio-ocnrel· Lane 4: Induced E. coli 
MCIOeitF'.pMSVGinio-oc^e]. 
grown in the absence of L-arabinose and the number 
of transducing particles extruded from the same cells 
grown in the presence of L-arabinose. For example E. 
coli MC1061 [F',pMSVwt] grown in 2xYT medium 
supplemented with L-arabinose, produces upon 
superinfection about 400 times less phagemid DNA 
transducing particles than the same cells grown in the 
absence of L-arabinose. 
From the mutants that had been isolated via the 
negative genetic complementation assay, the nucleo-
tide sequences of the gene V fragment were estab-
lished. The results are listed in Table 2.2. Forty-nine 
mutants with a single, and fifteen with two amino acid 
substitutions were identified. Nine mutants contained a 
nonsense codon (amber or ochre). The mutations are 
randomly distributed along the gVp amino acid 
sequence and include all types of substitutions, such 
as charge loss, charge gain, charge reversal, polarity 
reversal or without any of these changes. 
Influence of amino acid substitutions in gVp 
on translational regulation of gene II 
Apart from binding to ssDNA during regular rolling-
circle type replication, gVp also represses the 
translation of the mRNAs of the phage genes I, II, III, V, 
and X (Model et al., 1982; Yen and Webster, 1982; 
Zaman et al., 1990; 1991). The strongest translational 
repression has been found for gene II mRNA and the 
nucleotide sequences involved in this translational 
regulation have been characterized best (Michel and 
Zinder, 1989a; 1989b; Zaman et al., 1990). 
To establish the effect of the amino acid substitu-
tions in M13 gVp on its activity as a translational repres-
sor, the capability of the mutant proteins to repress the 
translation of a fusion reporter gene consisting of the 5' 
end of M13 gene II, up to the 12th codon, and the 5'-
truncated ß-galactosidase gene of E. coli was meas-
ured (Zaman et al., 1990). The I YPIacZ reporter gene is 
carried on the plasmid pZII (Zaman et al., 1990), which is 
a derivative of pACYC177 (Chang and Cohen, 1978) 
and is compatible with pMSV. Cells of the lacZ minus E. 
coli strain MC1061, containing pZII and pMSVwt, or 
pMSVmt were grown in the absence or presence of L-
arabinose, and at late exponential phase, the expres-
sion of the II'/1 lacZ reporter gene was measured by a ß-
galactosidase assay (Miller, 1972; Zaman et al., 1990). 
The small amount of gVp present in non-induced 
cells harbouring pMSVwt (Figure 2.3) already resulted 
into an almost 7-fold reduction of the expression of the 
ll'/7acZ reporter gene in comparison to non-induced 
cells harbouring a pMSVmt phagemid with an ochre 
mutation at position Tyr61 (ß-galactosidase activity of 
Table 2.1 Phenotype of the potential mutants. 
Treatment of the (+) strand (pGC2Vwt) and the (-) strand (pGC1 Vwt) of gene V with each of the three mutagens, i.e. nitrous acid, 
formic acid, and hydrazine, finally resulted in the isolation of 534 potential mutants which were subdivided in clones with 'wild-
type phenotype', clones with 'oc/ire-mutant phenotype', and clones without an insert. 
Mutagen Strand 
Total 
157 
119 
17 
60 
134 
47 
'wild-type 
phenotype' 
61 
70 
7 
29 
98 
34 
Number of clones 
'oc/ire-mutant 
phenotype' 
73 
39 
7 
25 
24 
7 
No 
Insert 
23 
10 
3 
6 
12 
6 
Nitrous acid 
Formic acid 
Hydrazine 
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Table 2.2 Mutants generated by the random mutagenesis method. 
The library of mutants is divided into three classes: (A) Mutants with one amino acid substitution, (B) mutants with two amino 
acid substitutions, and (C) mutants with a nonsense codon. 
GVp mutants are referred to by the wild-type residue followed by the residue number and the substituting amino acid or 
nonsense codon. Mutagens F, H and N designate formic acid, hydrazine and nitrous acid respectively. The 'packaging 
inhibition activity' and the 'translational repressor activity' are defined in the text. The level of gVp synthesis is designated 
physiological (P) or non-physiological (NP). 
A Mutants with a single amino acid substitution 
Mutant 
wild-type 
Ile2-Val 
Ile2-Thr 
Lys3-Glu 
Glu5-Lys 
Ile6-Val 
ІІеб-Thr 
Lys7-Arg 
Pro8-Thr 
Ser9-Phe 
Gin 10-Arg 
Gln10-Leu 
Ala11-Thr 
Gln12-Arg 
Phe13-Leu 
Thr14-Ala 
Thr15-Ala 
Arg16-Cys 
Arg16-His 
Gly18-Asp 
Gly23-Cys 
Gly23-Asp 
Tyr26-Cys 
Cys33-Arg 
Tyr34-His 
Asp36-Asn 
Asp36-Gly 
Gly38-Asp 
Asn39-lle 
Tyr41-His 
Tyr41-Phe 
Pro42-Ser 
Leu44-His 
Ile47-Thr 
Leu49-lle 
Leu49-Phe 
Ala55-Val 
Ala57-Thr 
Pro58-Ser 
Pro58-Leu 
Gly59-Ser 
Tyr61-His 
Tyr61-Ser 
Ser66-Pro 
Ser67-Phe 
Phe68-Leu 
Val70-Ala 
Phe73-Leu 
Arg82-Ser 
Val84-Ala 
Mutagen 
m 
H 
N 
N 
N 
N 
N 
H 
Ν 
Ν 
Ν 
F 
Ν 
Ν 
Ν 
Ν 
Ν 
Ν 
Η 
Ν 
F 
Ν 
Ν 
Ν 
Ν 
Ν 
Ν 
Ν 
F 
Ν 
F 
Ν 
F 
Ν 
Η 
Ν 
Ν 
Ν 
Ν 
Ν 
Ν 
Ν 
F 
Ν 
Ν 
Ν 
Ν 
Ν 
F 
Ν 
'Packaging 
inhibition 
activity' 
407 
20 
49 
136 
41 
939 
2 
15 
149 
10 
4 
3 
6 
84 
4 
74 
19 
2 
12 
7 
5 
2 
32 
3 
22 
48 
6 
22 
135 
6 
7 
8 
3 
95 
15 
2 
9 
3 
211 
2 
4 
10 
10 
2 
1 
1 
6 
4 
3 
6 
'Translational 
repressor 
activity' 
42 
2 
11 
23 
8 
33 
10 
19 
40 
6 
2 
6 
8 
33 
3 
14 
7 
5 
3 
2 
3 
3 
9 
3 
7 
4 
4 
4 
4 
3 
7 
7 
6 
3 
6 
4 
6 
2 
4 
3 
5 
5 
3 
7 
5 
1 
6 
2 
2 
3 
Level of 
gVp 
synthesis 
Ρ 
Ρ 
NP 
NP 
Ρ 
Ρ 
NP 
Ρ 
NP 
Ρ 
NP 
NP 
NP 
Ρ 
Ρ 
Ρ 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
Ρ 
Ρ 
NP 
NP 
Ρ 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
Ρ 
NP 
NP 
NP 
NP 
В Mutants with two amino acid sustitutions 
Mutant Mutagen 'Packaging 'Translational Level of 
inhibition repressor gVp 
activity' activity' synthesis 
Ile2-Thr 
Leu37-Ser 
Ile2-Val 
Tyr41-Cys 
Ile2-Val 
Leu76-Phe 
Ala11-Thr 
Ile47-Thr 
Alai 1-Val 
Tyr56-Cys 
Ala11-Thr 
Ala57-Thr 
Alai 1-Val 
АІа 6- аІ 
Gln12-Lys 
Tyr26-Asn 
Gly18-Ser 
Gly38-Ser 
Gly18-Asp 
Tyr56-His 
Gly23-Asp 
Leu37-Ser 
Pro25-Ser 
Tyr56-Cys 
Leu28-Pro 
Ala57-Thr 
Leu37-Ser 
Phe68-Ser 
Ala55-Val 
Leu76-Phe 
N 
N 
N 
Η 
2 
3 
3 
3 
5 
4 
6 
2 
6 
2 
4 
1 
3 
6 
3 
5 
2 
6 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
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С Mutants with a nonsense codon 
Mutant Mutagen 'Packaging Translational Level of 
inhibition repressor gVp 
activity' activity' synthesis 
GlnlO-ochre 
QMO-ochre 
Pro25-Ser 
АІа б- аІ 
Gln12-ocftre 
Lys24-am6er 
Sei27-ochre 
G\u30-amber 
Asp36-Tyr 
Lys46-Asn 
Glu51-осЛге 
Glu51-oc/ire 
Туг61-ос/7ле 
Thr62-Ala 
N 
N 
F 
F 
F 
F 
F 
F 
H 
2 
2 
2 
2 
3 
2 
2 
2 
2 
2 
1 
1 
1 
2 
1 
1 
1 
1 
Ρ 
Ρ 
Ρ 
Ρ 
Ρ 
Ρ 
ΝΡ 
ΝΡ 
ΝΡ 
non-induced cells harbouring ρΖΙΙ + pMSVwt is 3000 
Miller units; of non-induced cells harbouring pZII + 
pMSVTyr61.0C/,re: 20000 Miller units; Cf. Zaman et al., 
1990). When the cells were grown in the presence of 
inducer, the ß-galactosidase activity of cells harbouring 
pMSVwt was further decreased by a factor of 7 (to 430 
Miller units), whereas that of induced cells harbouring 
pMSVTyr61.0C/,rewas virtually unaffected (18000 Miller 
units). To compensate for the repression in the 
absence of inducer, the 'translational repressor activity' 
was defined as the ratio of the ß-galactosidase activity 
of induced cells harbouring pZII plus pMSVjyr6i-ochre 
(18000 Miller units), and induced cells harbouring pZII 
plus pMSVwt, or pZII plus any of the other pMSVmt 
constructs (e.g. the 'translational repressor activity' of 
wild-type gVp is 18000/430 = 42). 
The 'translational repressor activities' of the 
mutants are listed in Table 2.2. All mutants tested had 
an activity that was lower than that of wild-type gVp. 
Level of gVp synthesis 
Besides measuring the 'packaging inhibition activ-
ity' and the 'translational repressor activity' of wild-type 
and mutant gVp, their level of synthesis under non-
induced and induced conditions was also studied. This 
was prompted by the observation that cells of which the 
mutant proteins (e.g. Tyr26-Cys and Tyr61-His) were to 
be purified for investigation of their binding character-
istics, harboured huge amounts of gVp as revealed by 
SDS-PAGE. To be able to ascribe decreased biological 
activities to missense mutations and not to a reduced 
protein concentration in the cell, the level of gVp 
synthesis of all the mutants was established. 
The level of mutant gVp synthesis was compared 
with the level of wild-type gVp synthesis via fractiona-
tion of the proteins present in non-induced and 
induced cells on SDS-PAGE followed by staining with 
Coomassie Brilliant Blue R-250. To our surprise, fifty-
five of the seventy-three mutants showed a very high 
level of gVp synthesis. These fifty-five mutants include 
thirty-seven out of the forty-nine (76%) mutants with a 
single amino acid substitution, all the mutants with two 
amino acid substitutions, and three of the nine mutants 
with a premature nonsense codon. Densitometrie 
scanning of the lanes of the SDS-PAGE gels of the 
mutants with the extaordinarily high gVp synthesis, 
revealed that at least 10% of the total cellular protein 
consisted of mutant gVp. This is about 10 times more 
than the amount of gVp produced in cells harbouring 
the phagemid pMSVwt- In Figure 2.5 mutant Arg82-Ser 
which is representative for the mutants with a high gVp 
synthesis, is compared with wild-type gVp. The high 
level of gVp production is neither caused by mutations 
in the gene V promoter, nor by mutations in the Shine-
Dalgarno sequence. Attempts to purify gVp from cells 
with a very high production level of gVp has revealed 
that in almost all cases the protein is accumulated in 
these cells in highly refractile particles, so-called 
'inclusion bodies', as seen by means of phase contrast 
microscopy (A.P.M. Stassen and R.N.H. Konings, 
unpublished results). The formation of these 'inclusion 
bodies' is usually observed in prokaryotic cells when 
eukaryotic or bacterial proteins are overproduced (i.e. 
produced in much larger amounts than under natural 
circumstances) (Marston, 1986; Schein, 1989). It is 
generally believed that 'inclusion bodies' are com-
posed of intermediates in protein folding pathways 
(Mitraki and King, 1989). Probably 'inclusion body' 
deposition is the result of incorrect or inefficient folding 
resulting in hydrophobic aggregation of folding 
intermediates. 
However, SDS-PAGE analyses revealed that not all 
gVp molecules of the 'inclusion body' forming mutants 
were insoluble, but that a significant fraction was 
present as soluble protein in the cytoplasmatic cell 
fraction (data not shown). Furthermore, the observa-
tion that the 'inclusion body' forming mutants studied, 
e.g. Lys3-Glu and Рго -Thr, are both able to efficiently 
repress the expression of the IITZ reporter gene and to 
inhibit the production of phagemid DNA transducing 
particles (Table 2.2), demonstrates that the mutant 
protein molecules present in the soluble fraction are 
biological active. 
On the basis of the level of gVp production the 
mutant proteins can be subdivided into two categories. 
The first category comprises the mutants with a 
production level that is comparable to that of wild-type 
gVp. This production is designated as physiological 
(P). The second category comprises the mutants with a 
very high production level. The production level of 
these 'inclusion body' forming mutants is designated as 
non-physiological (NP). The results are summerized in 
Table 2.2. 
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-igure 2.5 Overexpression of mutant Arg82-Ser 
jVp. 
3roteins present ¡η induced E. coli MC1061[F',pMSVwt] cells 
lane 1), or in induced E. coli MC1061 [F',pMSVArg82-Ser] cells 
lane 2) were analyzed by SDS-PAGE followed by staining 
vith Coomassie Brilliant Blue R-250. The position of migration 
)f gVp is indicated. An amount of protein equivalent to 0.3 ml 
)f cell culture of ODßoo = 1 ·8 (lightpath 1 cm) was loaded per 
ane. 
DISCUSSION 
A library of gene V mutants has been constructed 
)y random chemical mutagenesis. Mutants were 
selected by a negative genetic complementation assay 
und their biological properties were measured. Further-
riore, the level of gVp synthesis was established. 
negative genetic complementation, and 
ranslational repression assay 
The biological properties of the mutant proteins 
lave been studied by means of two different in vivo 
issays. The ß-galactosidase assay only monitors the 
translational repressor activity' of the gVp mutants 
Zaman et al., 1990). However, the decreased produc-
¡on of phages and transducing particles by gVp con-
aining cells, as observed in the negative genetic 
¡omplementation assay, might be the result either of 
îinding of gVp to the penetrating viral genome, which 
vould inhibit the formation of RFI DNA, or of transla-
ional repression by gVp of the synthesis of gllp, which 
would prevent initiation of rolling-circle replication from 
parental RFI DNA. To distinguish between these 
possibilities, a negative genetic complementation 
assay was performed in which induced and non-
induced E. coli MC 1061 [F1] cells harbouring phagemid 
pMSVwtwere infected either with helper phage R408 
or with a derivative of R408 containing a deletion of 14 
nucleotides corresponding to nucleotides 2 to 15 of 
gene II mRNA (G.J.R. Zaman and R.N.H. Konings, 
unpublished results). It has been shown that introduc-
tion of this deletion in the U'/'lacZ reporter gene elimi-
nates the gVp mediated translational repression 
(Michel and Zinder 1989a; Zaman, 1991). Upon 
superinfection with phage R408, the production of 
transducing particles by induced cells was 407 times 
less than that of non-induced cells (Table 2.2). When 
instead of R408, the deletion mutant was used, the 
production of transducing particles by induced cells 
was only 80 times less than that of non-induced cells. 
This observation indicates that the interference of gVp 
with the propagation of the helper phage and the 
phagemid DNA transducing particles is caused by both 
inhibition of the conversion of the infecting viral strand 
into RFI DNA and repression of the synthesis of gllp. A 
similar conclusion was reached by others, based on 
transfection (Fulford and Model, 1988a), and comple-
mentary negative genetic selection experiments 
(Terwilligerefa/., 1988). 
Formation of 'inclusion bodies' 
Protein folding in vivo is a complex process. The 
outcome of this process is influenced by many factors, 
such as cofactors, prosthetic groups, chaperones and 
the overall intracellular physiological environment, 
including temperature and ionic strength (Mitraki and 
King, 1989). GVp mutations leading to charge loss, 
charge gain, charge decrease or reversal, or leading to 
polarity reversal, nearly always cause the mutant protein 
to accumulate in the cells as insoluble aggregates 
(Table 2.2), indicating that minor changes in the 
electrostatic, or hydrophobic interactions cause the 
polypeptide chain to fold differently, thus allowing 
insoluble aggregates to be formed (Mitraki and King, 
1989; Fane and King, 1991). This is clearly illustrated 
by mutant proteins Ile2-Val vs. Ile2-Thr, and Неб-Val vs. 
ІІеб-Thr. Substitution of isoleucine by another apolar 
residue of the same size does not result in insoluble 
aggregates, but substituting it by the polar threonine 
does lead to insoluble aggregates. Besides changes in 
electrostatic, and hydrophobic interaction, stehe 
hindrance may also be of importance. For instance, 
although mutant proteins Leu49-Phe and Ala55-Val do 
not have a change in charge or polarity, they accu­
mulate in 'inclusion bodies' (Table 2.2). Proper folding 
of these mutants therefore must be impaired by the fact 
that there is not enough space in the native protein to 
accomodate the substituted residue. 
Residues involved in ssDNA binding and 
protein-protein interactions 
1H-NMR studies have revealed that only two 
aromatic residues, Tyr26 and Phe73, and one aliphatic 
residue, Leu28, are involved in binding to short 
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stretches of ssDNA (Chapter 4; King and Coleman, 
19Θ7). Near to the nucleotide interaction site formed by 
these three residues lies a phosphate-binding 
electropositive cluster formed by Arg16 and Arg21, 
and Lys24 and Lys46 (King and Coleman, 1987). 
Furthermore, Tyr41 is involved in dimer-dimer contact 
(King and Coleman, 1988; van Duynhoven et al., 1990; 
Folkers et al., 1991). Based on the crystal structure, 
Phe68 is believed to be involved in the stabilization by 
hydrophobic interactions of the monomer-monomer 
contact in the dimer (Brayer and McPherson, 1983). 
Seven mutants (i.e. Arg16-Cys, Arg16-His, Tyr26-
Cyc, Tyr41-His, Tyr41-Phe, Phe68-Leu, Phe73-Leu) 
were obtained at five sites that are involved in ssDNA 
binding or protein-protein interaction. All of them lost 
both their ability to impair the propagation of the helper 
phage and their ability to repress the expression of the 
W'flacZ reporter gene at the level of translation. Mutants 
Arg16-His and Arg16-Cys lost the positive charge 
which is needed to interact with the phosphate-
backbone of the nucleic acid. Mutants Tyr26-Cys and 
Phe73-Leu lost the aromatic side chain that is 
necessary to stack on the bases of the nucleic acid. A 
change in the hydrophobicity of Phe68-Leu may cause 
the dimer to be less stable and therefore reduce the 
biological functions of gVp. Is is not yet clear in what 
way Tyr41 is involved in dimer-dimer interaction. Mutant 
proteins Tyr41-His and Tyr41-Phe indicate that not just 
an aromatic side chain is required at position 41 but 
rather a hydrophilic residue. 
Classification of mutant proteins 
The mutants can be subdivided in different classes 
both on the basis of their 'packaging inhibition activity' 
and their 'translational repressor activity'. For conven­
ience, a 'packaging inhibition activity' of 40 or higher 
was not considered as a substantial reduction of the 
inhibition of the packaging. Accordingly, a 'translational 
repressor activity' of 10 or higher was not considered as 
a substantial reduction of the translational repressor 
function. 
Following these criteria, it can be deduced that 
most gVp mutants exhibited a similar behaviour in both 
assays: most mutants that are severely impaired in 
'translational repressor activity' are also disabled in the 
inhibition of phagemid production. Similarly, most 
mutants that efficiently inhibit phagemid production, 
also efficiently repress the translation of the W'I'lacZ 
reporter gene (e.g. Pro8-Thr, Неб-Val, and Thr14-Ala). 
There are, however, a few clear exceptions. Firstly, five 
mutants that are severely impaired in translational 
repressor function, still efficiently inhibit phagemid 
production (i.e. Glu5-Lys, Asp36-Asn, Asn39-lle, Ile47-
Thr, and Pro58-Ser). On the other hand, two mutants 
have a weak inhibitory effect on the production of the 
fusion protein than on the production of transducing 
particles (ІІеб-Thr, and Lys7-Arg). 
The observation that these mutants behave 
differently in the two employed in vivo assays, demon­
strates that different gVp residues are involved in the 
binding to ssDNA and in the binding to the 5' non-
translated leader of gene II mRNA. This suggests that 
gVp comprises, besides the domain that is involved in 
the aspecific nucleic acid binding, additional residues 
required for specific binding of gVp to the 5' leader 
sequence of gene II mRNA. 
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CHAPTER 3 
FLUORESCENCE STUDIES OF THE BINDING OF BACTERIOPHAGE M13 
GENE V MUTANT PROTEINS TO POLYNUCLEOTIDES 
A.P.M. STASSEN, B.J.M. HARMSEN, J.G.G. SCHOENMAKERS, C.W. HILBERS, and 
R.N.H. KONINGS (1992) Eur. J. Biochem. 206: 605-612. 
ABSTRACT 
This investigation describes how the binding characteristics of the single-stranded 
DNA binding protein encoded by gene V of bacteriophage M13, are affected by single-
site amino acid substitutions. The series of mutant proteins tested, includes mutations in 
the purported monomer-monomer interaction region as well as mutations in the DNA 
binding domain at positions which are thought to be functionally involved in monomer-
monomer interaction or single-stranded DNA binding. The characteristics of the binding 
of the mutant proteins to the homopolynucleotides poly(dA), poly(dU), and poly(dT), 
were studied by means of fluorescence titration experiments. The binding stoichiometry 
and fluorescence quenching of the mutant proteins are equal to, or lower than, the wild-
type gene V protein values. In addition, all the proteins measured bind in a more or less 
co-operative manner to single-stranded DNA. The binding affinities for poly(dA) decrease 
in the following order: Tyr61-His > wild-type > Phe68-Leu and Arg16-His > Tyr41-Phe 
and Tyr41-His > Phe73-Leu > Arg21-Cys > Tyr34-His > Gly18-Asp/Tyr56-His. Possible 
explanations for the observed differences are discussed. The conservation of binding 
affinity, also for mutations in the single-stranded DNA binding domain, suggests that the 
binding to homopolynucleotides is largely non-specific. 
INTRODUCTION 
The gene V encoded protein (gVp) of the F-
specific Escherichia coli bacteriophage Ff (M13, fd, f1) 
is a relatively small (87 amino acids) single-stranded 
DNA (ssDNA) binding protein. In the life cycle of the 
phage it fulfils at least two essential functions. Firstly, 
gVp switches late in infection when its concentration 
has reached a certain critical threshold level, the 
replication of the phage genome from replicative form 
formation to progeny ssDNA formation by binding in a 
co-operative way to the ssDNA of the phage (Alberts et 
al., 1972; Pretorius et al., 1975; Pörschke and Rauh, 
1983; for a review, see Model and Rüssel, 1988). 
Secondly, it represses, among other phage genes 
(Zaman et al., 1991), the translation of gene II via 
specific binding to the 5' non-translated leader of gene 
II mRNA (Michel and Zinder, 1989a; 1989b; Zaman et 
al., 1990). 
Pretorius er al. (1975) showed that the fluores-
cence of gVp is quenched upon binding to ssDNA. 
Making use of this quenching effect, the binding 
parameters of various protein»polynucleotide com-
plexes were determined quantitatively (Alma et al., 
1983b; Bulsink et al., 1985). Titration experiments with 
different homopolynucleotides showed a large 
variation in binding affinity (Bulsink et al., 1985). The 
binding is to a large extent caused by electrostatic 
interactions and in all cases a stoichiometry (n) of 
approximately 4 nucleotides per protein monomer has 
been found (Bulsink et al., 1985). In contrast, 
fluorescence depolarisation studies (Bulsink et al., 
1986), circular dichroism measurements (Kansy et al., 
1986) and 1H-NMR studies (Alma et al., 1982) have 
revealed that on binding to oligonucleotides, the 
number of nucleotides per protein monomer is 3. 
The structure of gVp has been determined 
crystallographically by Brayer and McPherson (1983). 
They also deduced a model for the gVp*ssDNA 
complex (Brayer and McPherson, 1984a; 1984b). 
According to this model two DNA strands bind in an 
antiparallel fashion to one dimer with a stoichiometry of 
5 nucleotides per protein monomer. The aromatic 
residues Tyr26, Tyr34, and Tyr41 of one monomer and 
Phe73 of the opposite one in the dimer, are involved in 
the binding by stacking with the bases of the nucleic 
acid. The residues Arg16, Arg21, Arg80 and Lys46 
were believed to be involved in the binding by ionic 
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interactions with the phosphate moieties of the nucleic 
acid. 
In solution the structure of gVp and of its complex 
with oligonucleotides has been studied extensively by 
means of 1H-NMR techniques (Chapter 4; Alma et al., 
1981a; 1981b; 1982; 1983a; King and Coleman, 
1987; 1988; van Duynhoven et al., 1990; Folkers et al., 
1991). These experiments have shown that the 
structure of these complexes is different from the 
structure proposed by Brayer and McPherson. 1H-NMR 
binding studies of wild-type gVp with oligonucleotides 
containing the covalently attached spin-label 4-
hydroxy-1-oxyl-2,2,6,6-tetramethyl pipendme (TEM-
PO), have been used to locate the DNA binding 
domains in the protein (de Jong et al., 1989b; van 
Duynhoven et al., 1993; Folkers et al, 1993b). A spin-
labelled ligand bound to a macromolecule selectively 
broadens the resonance signals of spin-systems of this 
macromolecule, which are close enough to the spin-
label in the complex. This means that spin-label 
induced relaxation can be expected for nuclei which 
are situated in a DNA binding domain of the protein In 
this way it has been shown that in ssDNA binding two 
binding domains of gVp are involved (van Duynhoven 
et al., 1993; Folkers et al., 1993b). The first domain 
comprises residues Arg16 through Glu30 and residues 
Leu44 through Asp50, and the second domain Lys69 
through Arg80. The residues of which the signals are 
broadened most and therefore must be in the most 
close vicinity to the oligonucleotide, are Gly18, Ser20, 
Tyr26. Leu28, and Phe73. A smaller effect was 
observed for resonances arising from Arg16, Seri 7, 
Vali 9, Arg21, Gln22, Lys24, Ser27, Glu30, Lys46, 
Thr48, Asp50, Lys69, Gln72, Gly74, Ser75, Asp79, 
and Arg80 which implies that these residues are more 
distant from the spin-label. In addition, spin-labelled 
oligonucleotide binding studies with gVp missense 
mutants revealed that Tyr26 and Phe73 are the only 
two aromatic residues that are involved in binding 
(Chapter 4). These results are supported by earlier 
studies, which have indicated that in ssDNA binding, an 
electropositive phosphate-binding cluster is involved 
consisting of the aromatic residues Tyr26 and Phe73„ 
Leu28, and the positively charged residues Arg16, 
Arg21, Lys24, and Lys46 (King and Coleman, 1987). 
Besides what is known about the amino acid 
residues involved in ssDNA binding, there is strong 
evidence that Tyr41 is involved in dimer-dimer interac-
tion (Chapter 4, King and Coleman, 1988). Further-
more, the involvement of Phe68 in the monomer-
monomer contact was deduced from the crystal struc-
ture (Brayer and McPherson, 1983). 
Considering both what is known about the 
involvement of certain residues in the binding of gVp to 
ssDNA, and the fact that electrostatic interactions from 
arginine or lysine, as well as stacking interactions from 
tyrosine or phenylalanine are involved in the binding, 
the question arises how the binding characteristics of 
gVp are affected by missense mutations of these 
amino acids at the above mentioned positions In this 
respect Arg16, Arg21, Tyr26, and Phe73 are most 
interesting, because they show a fairly large line-
broadening in the binding studies with spin-label. 
The missense mutants of this study were taken 
from a library of mutants of M13 gene V (Chapter 2). To 
obtain this library, gene V, carried on a phagemid 
expression vector in which gene V is under control of 
an inducible promoter, was subjected to random 
chemical mutagenesis. The mutant proteins were 
charactenzed both with respect to their ability to inhibit 
the production of phagemid DNA transducing particles 
and their ability to repress the translation of an mRNA 
transcribed from a chimenc lacZ reporter gene whose 
expression is controlled by the promoter and transla-
tional initiation signals of M13 gene II. For this reason 
the substitutions were not predetermined. 
Fortunately, the mutant proteins Arg16-His, Arg21-
Cys, Tyr26-Cys, and Phe73-Leu were available for the 
investigation of the role of Arg16, Arg21, Tyr26, and 
Phe73 in the binding process. According to the crystal 
structure the domain responsible for the monomer-
monomer interaction comprises approximately the 
residues Leu60 through Ala85 (Brayer and 
McPherson, 1983). Thus missense mutations in this 
region are also interesting to study a possible effect of 
the monomer-dimer equilibrium on the binding. 
Available were Tyr61-His, Phe68-Leu, Phe73-Leu, and 
Arg82-Ser. The importance of Tyr41 for the dimer-
dimer interaction and its involvement in the co-
operativity of the binding leading to large clusters of 
protein along the nucleotide lattice, was studied by the 
two missense mutants Tyr41-Phe, and Tyr41-His. In 
addition, also the effect of mutations on the positions 
of the two remaining tyrosines Tyr34 and Tyr56 were 
investigated using Tyr34-His, and Gly18-AspfTyr56-
His. The latter mutant protein was only available as a 
double mutation. 
In this paper we describe the binding character-
istics of these mutant proteins as derived from fluores-
cence titration experiments for the complexation with 
poly(dA), poly(dU), and poly(dT). 
MATERIALS AND METHODS 
Materials 
The procedure used for the construction and 
expression of a library of M13 gVp mutants has been 
described in Chapter 2. Regarding the level of 
expression, the mutants can be subdivided into two 
categories. The mutants of the first category reached a 
level of expression comparable to M13 infected cells. 
These proteins (Tyr41-Phe, Tyr41-His, and Phe68-
Leu) are soluble and were isolated by the standard 
isolation procedure as described previously (Garssen 
era/., 1977; van Duynhoven et al, 1990). On the other 
hand, the mutants of the second category reached a 
level of expression that is at least 10 times higher than 
the level of expression in wild-type M13 infected cells 
These proteins (Tyr26-Cys, Tyr34-His, Gly18-Asp/ 
Tyr56-His, Tyr61-His, Phe73-Leu, Arg16-His, Arg21-
Cys and Arg82-Ser) are to a large extent insoluble and 
are deposited in the cells in so-called 'inclusion bodies'. 
Because of this reduced solubility the standard isola-
tion procedure had to be modified. After sonification of 
20 g cells and subsequent centrifugaron, the pellet 
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with the insoluble mutant protein, was treated for 4-15 
hr at 4 'C, with 250 ml of a buffer containing 6 M 
guanidine hydrochloride, 0.02 M Tris· HCl (pH 7.8), 5 
mM EDTA, 1 mM 2-mercaptoethanol, 0.05 M NaCI, and 
10 % (vol./vol.) glycerol, resulting in the dissolution of 
the mutant gVp. After centhfugation the guanidine 
hydrochloride was removed from the supernatant by 
dialysis during 16 hr at 4°C against 3 χ 4 I of the same 
buffer without guanidine hydrochloride. During this 
procedure a small amount of protein was precipitated, 
which was removed by centrifugation. Subsequently, 
the gVp was isolated as described previously for wild-
type gVp (Garssen et al., 1977; van Duynhoven et al., 
1990). The Phe73-Leu mutant protein could be 
isolated from the soluble as well as the insoluble 
fraction of the cells. 
The concentrations of wild-type and mutant gVps 
were determined from ultraviolet-absorption measure­
ments at 276 nm. Since the absorbance at this 
wavelength arises mainly from the five tyrosyl residues 
in the protein, especially replacement of one of these 
residues by another amino acid will drastically decrease 
the value of the molar absorption coefficient in the 
order of magnitude of 20%. Therefore these coef­
ficients were determined for the mutant proteins by 
means of the Bio-Rad Protein Assay (Bradford, 1976) 
using wild-type gVp as a reference. The following molar 
absorption coefficients were used: 6400 M"1 cm"1 for 
Туі-26-Cys, 5150 M"1 cm"1 for Tyr34-His, 5680 M"1 cm"1 
forTyr41-Phe, Tyr41-His, and Tyr61-His, 5370 M"1 cm"1 
for СІуІ -АбрЯугбб-Ніэ, 7100 M"1 cm"1 for Phe68-
Leu, Arg16-His, Arg21-Cys, Arg82-Ser, and wild-type 
gVp, and 8000 NT1 cm' 1 for Phe73-Leu. The 
polynucleotides (poly(dA), poly(dU) and poly(dT)) with 
an average length of 150 nucleotides, were purchased 
from Pharmacia (Uppsala, Sweden). Their concentra­
tions were derived from ultraviolet-absorption measure­
ments using, as molar absorption coefficients, 9300 
M 1 cm"1 (260 nm) for poly(dA), 9200 M"1 cm"1 (260 nm) 
for poly(dU), 8700 M"1 cm"1 (265 nm) for poly(dT) 
(Bulsink et al., 1985). All ultraviolet-absorption meas­
urements were performed with a Zeiss PMQII spectro­
photometer. 
Fluorescence titrations 
Fluorescence measurements were performed with 
a Perkin Elmer fluorescence spectrophotometer MPF-
4 equipped with a 150 W Xenon lamp. The instrument 
was used in the ratio mode which means that relative 
fluorescence intensities were measured instead of 
absolute quantum yields. Excitation was at the 
absorption maximum (276 nm) of the tyrosyl residues 
and the fluorescence was measured at the emission 
maximum (303 nm). All measurements were performed 
at 5 "C with a 5 mm absorption pathway. The fluores­
cence intensities, measured in arbitrary units, were 
corrected for Raman-scattering, the inner filter effect, 
i.e. correction for the loss of excitation intensity due to 
absorption by the dissolved protein in particular, and 
dilution during titration. For the inner filter effect 
correction, the factor x/(1-e°<) was used, in which χ = 
0.5 · In10 · (ερ-cp + EN-CN), and ερ and EN are the molar 
absorption coefficients at 276 nm of protein and 
polynucleotide, respectively, and c P and c N are the 
protein and polynucleotide concentrations, respecti­
vely (see Lakowicz, 1983). 
Two types of fluorescence titration experiments 
were performed: 
(1) To measure binding isotherms small volumes of a 
protein solution, containing 10 mM sodium cacodylate 
(pH 6.9) and the desired sodium chloride concentra­
tion, were added to a polynucleotide solution, con­
taining also 10 mM sodium cacodylate (pH 6.9) and the 
same sodium chloride concentration. 
(2) In experiments where the dissociation of the 
protein»polynucleotide complex was studied, a con­
centrated solution of sodium chloride, containing 10 
mM sodium cacodylate (pH 6.9), was added to a solu­
tion (with 10 mM sodium cacodylate (pH 6.9) and little 
salt) of the complex in the presence of a slight excess 
of polynucleotide, ensuring that all the protein is 
bound. 
The binding parameters were deduced from the 
titration curves according to the methods described 
previously (Alma et al., 1983b; Bulsink et al., 1985). 
RESULTS 
The stoichiometry and fluorescence quench­
ing 
The characterization of the binding requires first of 
all the determination of the binding stoichiometry (л), 
i.e. the number of nucleotide residues covered by one 
protein monomer, and the fraction by which the 
fluorescence of the protein is quenched upon binding 
(Qmax). These two parameters are derived from binding 
isotherms at low salt conditions, when the intrinsic 
binding constant (/C/nf ) is high, resulting in almost 
complete binding of the added protein until the 
polynucleotide is fully saturated (Alma era/., 1983b). 
From the intersection of the two straight lines thus 
obtained the value of η is derived, while the ratio of the 
slopes of the two lines gives Qmax. Therefore the 
binding isotherms were determined for wild-type and 
mutant proteins at sodium chloride concentrations of 
50 mM or even lower for the weaker binding proteins. 
Three polynucleotides were used, poly(dA), poly(dU), 
and poly(dT). An example of this type of titration with 
wild-type gVp is given in Figure 3.1 A. This figure also 
shows the influence of the inner filter effect on the 
titration curve, which among other things results in a 
small deviation from linearity after the intersection point. 
Similar curves were obtained for the mutant proteins. 
The η and Q m a x v a ' u e s found for the binding of the 
proteins to the polynucleotides are listed in Table 3.1. 
For wild-type gVp the number of nucleotides covered 
by one protein monomer turned out to be 3.6-3.8 and 
the fluorescence quenching factor was 0.62-0.66 
(without the inner filter effect correction, η changes 
from 3.6 to 3.9, and Q m a x from 0.62 to 0.58). These 
values are consistent with those reported in earlier 
publications (Alma et al., 1983b; Bulsink et al., 1985). 
Both for wild-type and mutant gVps, η and Q m ^ are not 
dependent on the salt concentration in the range of 
interest idata not shown: see also Discussion). 
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Figure 3.1 Fluorescence titration experiments of 
wild-type gVp and poly(dA). 
(A) Binding isotherm at low (50 mM) sodium chloride 
concentration, before (a) and after (b) correction for the inner 
filter effect. 
(B) gVp fluorescence as a function of the sodium chloride 
concentration upon disruption of the gVp-poly(dA) complex. 
The gVp concentrations are 12 μΜ (a), 20 μΜ (b), and 27 μΜ 
(с)· 
(C) Binding isotherm at high (200 mM) sodium chloride 
concentration. 
All titrations were performed in 10 mM sodium cacodylate (pH 
6.9). [gVpJt is the total gVp concentration. 
The η and Qmax values of many mutant proteins devi­
ate, however, considerably from the wild-type values. In 
this respect it is remarkable that the Qmax/n ratios do 
not differ significantly from the wild-type value for most 
of the mutant proteins. Possible explanations for these 
observations will be given in the Discussion. 
The effective binding constant 
The effective binding constant (K¡nt · ω, in which ω 
is the co-operativity parameter) was derived from 
titration curves representing the dissociation of the 
protein»polynucleotide complex upon addition of NaCI, 
as well as from binding isotherms at higher ionic 
strength at which the co-operative binding behaviour 
and the lower binding affinity lead to titration curves 
with a sigmoidal shape (Alma et ai, 1983b; Bulsink et 
al., 1985). The latter type of titration also permits the 
determination of Kmt and ω separately by means of a 
fitting procedure (vide infra) (Alma et al., 1983b). 
A salt titration experiment is started at low ionic 
strength (about 10 mM NaCI) at which the poly­
nucleotides are fully saturated, while a slight excess of 
polynucleotide ensures that there is very little free 
protein in the solution. It is noted that the binding 
stoichiometry, deduced from the binding isotherm at 
low ionic strength, is used for the calculation of the 
concentrations leading to full saturation. Upon addition 
of sodium chloride, the complex will dissociate, which is 
monitored by an increasing fluorescence intensity (see 
Figure 3.1B). From the free protein concentration at 
the inflection point of the curve (i.e. at half-saturation, 
see Bulsink et al., 1985) the effective binding constant 
can be derived for the sodium chloride concentration at 
this point. By performing these experiments at various 
concentrations of the nucleic acid»protein complexes, 
the effective binding constant can be determined as a 
function of the sodium chloride concentration. 
The salt dependencies of the effective binding 
constant (Κ/
η ί
·ω) for wild-type and mutant gVp· 
poly(dA) complexes are presented in Figure 3.2, where 
Іод(/С,
Л
(»ш) is plotted as a function of log[NaCI]. 
According to the theory of Record et al. (1976; 1978) 
such plots should show a linear relationship with: 
Ξί-ί™—- = m'w+k, 
dlog[NaCI] 
where πίψ is the number of Na+ ions released from the 
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Table 3.1 Binding characteristics at 5 "C and pH 6.9, deduced from binding Isotherms at low [NaCI], 
for the binding of wild-type and mutant gVps to poly(dA), poly(dll), and poly(dT). 
gvp 
wild-type 
Tyr26-Cys 
Tyr34-His 
Tyr41-Phe 
Tyr41-His 
Gly18-Asp/ 
Tyr56-His 
Tyr61-His 
Phe68-Leu 
Phe73-Leu 
Arg16-His 
Arg21-Cys 
Arg82-Ser 
Q/nax 
0.62 
0.50 
0.49 
0.37 
0.22 
0.50 
0.63 
0.60 
0.57 
0.37 
0.22 
0.47 
poly(dA) 
η 
3.6 
2.0 
3.1 
3.5 
1.9 
2.0 
3.7 
3.1 
2.3 
2.9 
1.7 
3.1 
Qmaxln 
0.17 
0.25 
0.16 
0.11 
0.12 
0.25 
0.17 
0.19 
0.25 
0.13 
0.13 
0.15 
О/тих 
0.62 
0.34 
0.54 
0.53 
0.61 
0.17 
0.55 
poly(dU) 
л 
3.8 
2.9 
2.6 
2.9 
3.6 
2.3 
3.9 
Qmax'n 
0.16 
0.12 
0.21 
0.18 
0.17 
0.07 
0.14 
Qmax 
0.66 
0.52 
0.37 
0.62 
0.63 
0.36 
poly(dT) 
η 
3.7 
2.2 
3.3 
3.9 
3.1 
2.3 
Qmaxln 
0.18 
0.24 
0.11 
0.16 
0.20 
0.16 
DNA and к is the number of CI' ions released from the 
protein upon complex formation. As follows from Figure 
3.2, within the experimental accuracy, straight lines are 
observed for all the proteins studied, suggesting that 
Record's theory is applicable to both the wild-type and 
the mutant proteins. Except for Tyr26-Cys and Arg82-
Ser, the slopes of these lines are found to be similar, 
i.e., -d log (Kint · to)/d log [NaCI] = 4.0 ± 0.5, indicating a 
close resemblance in binding behaviour (see Table 
3.2). For the wild-type protein this value is identical to 
our earlier results (Alma et al., 1983b; Bulsink era/., 
1985). The most striking fact is the variation in binding 
affinities for the different mutant proteins as 
represented by the values of K,nt · ω at the same NaCI 
concentration. From the plots of Figure 3.2 these 
values were determined at 0.1 M NaCI and also listed in 
Table 3.2. It is clear that the mutant proteins compared 
to the wild-type protein, show a similar or a weaker 
affinity for poly(dA). For Gly18-Asp/TyrY56-His, the only 
mutant protein with an amino acid substitution at two 
different sites, the binding affinity is reduced by a factor 
of more than 1000. The binding affinities for poly(dA) 
decrease in the following order: Tyr61-His > wild-type > 
Phe68-Leu and Arg16-His > Tyr41-Phe and Tyr41-His 
> Phe73-Leu > Arg21-Cys > Tyr34-His > Gly18-
Asp/Tyr56-His. 
The co-operativity parameter 
The effective binding constant (Kint · ω) can be 
determined accurately from salt titration curves. How­
ever, from these experiments the separate contribu­
tions, i.e. the intrinsic binding constant and the co-
operativity parameter, to the binding affinity cannot be 
derived. Therefore these parameters were determined 
separately from binding isotherms at not too low ionic 
strength. To obtain a reliable estimate of the magnitude 
of the co-operativity parameter it is essential that at the 
start of the titration, when the concentration of the 
added protein is low, nearly no binding occurs. This can 
be achieved by choosing the right NaCI concentration, 
because the binding affinity decreases with increasing 
salt concentration (vide supra). From the observed salt 
dependency of Kmt · ω (see Figure 3.2) the most 
adequate salt concentration can be easily calculated. 
Upon the first addition of protein, molecules bind with 
an affinity equal to Kmt. because only isolated binding 
sites are available (see Figure 3.1C). Subsequently, 
binding to contiguous binding sites is preferred as a 
result of the enhanced binding affinity (K¡nt· ω) for this 
type of interaction. These effects are illustrated by the 
sigmoidal shape of the titration curve as shown in 
Figure 3.1C. This implies that the shape of the titration 
curve thus obtained is dependent on the magnitude of 
ω. In the fitting procedure first an arbitrary value for ω 
was chosen and the binding isotherm was calculated 
according to the theory of McGhee and von Hippel 
(1974), using the known values for n, Qmax, and Kint· 
ω. This binding isotherm was compared with the 
experimental one and then ω was varied until the best 
fit with the experimental curve was obtained. In some 
cases the fitting procedure started with a value for ω 
derived from the experimental data according to a 
procedure introduced by Watanabe and Schwarz 
(1983; Schwarz and Watanabe, 1983). 
To obtain binding isotherms suitable to subject to 
the fitting procedure, sodium chloride concentrations 
in the range from 15 mM to 200 mM were chosen, 
depending on the effective binding constant of the 
particular protein. The co-operativity parameters deter­
mined in this way for the binding to poly(dA) are also 
listed in Table 3.2. The co-operativity parameter of wild-
type gVp agrees with the value found previously (Alma 
era/., 1983b; Bulsink et al., 1985). Like wild-type gVp, 
all mutant proteins studied, bind co-operatively to 
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Figure 3.2 Salt dependency of the effective binding constant Klnt · ω for wild-type and mutant gVps, 
as derived from salt titrations of the complex containing poly(dA). 
Gly18-Asp/Tyr56-His (+); Tyr34-His (Δ); Tyr26-Cys (•); Arg21-Cys (X); Phe73-Leu (T); Tyr41-His (•); Tyr41-Phe (O); Arg82-
Ser (0); Arg16-His (·); Phe68-Leu (V); wild-type (A); Tyr61-His (•). 
[NaCl] in M and Kint · ω ¡η M"1. 
poly(dA), although some of them, e.g. Tyr41-His, show 
a reduced co-operativity compared to the wild-type 
protein. 
To determine binding isotherms suited for the 
calculation of the intrinsic binding constant and the co-
operativity parameter, many datapoints are needed. 
Therefore the (mutant) protein has to be stable during a 
period up to 3 hr, needed to complete the experiment. 
The mutant proteins Tyr26-Cys and Tyr34-His turned 
out to be very unstable. For this reason such a binding 
isotherm could not be recorded for mutant Tyr34-His 
and only one with too few datapoints for Tyr26-Cys. 
However, from the shape of the isotherm of Tyr26-Cys 
it was concluded that Tyr26-Cys also binds co­
operatively to poly(dA). 
Effect of the solubilization procedure on the 
protein conformation 
Because in a first instance many mutant proteins 
were obtained as an insoluble product, they had to be 
solubilized by treatment with guanidine hydrochloride 
followed by removal of this reagent via dialysis. In this 
respect the question is important as to whether this 
procedure alters the protein conformation permanently 
or not. Therefore a batch of wild-type gVp, isolated and 
purified according to the original standard procedure 
which does not involve the use of guanidine hydro­
chloride (Garssen et al., 1977; van Duynhoven era/., 
1990), was subjected to treatment with guanidine 
hydrochloride and the dialysis procedure. After this, 
the binding properties (л, Qmax, ω, Kint · ω, and its salt 
dependency) were determined as usual from fluores­
cence titrations (data not shown) and compared with 
those found for the same batch before denaturation by 
guanidine hydrochloride. Within the experimental 
accuracy no differences could be observed, which 
indicates that, at least for wild-type gVp, the denatura­
tion is completely reversible and that the protein can be 
simply renaturated by dialysis. That the denaturation-
renaturation step does not lead to a protein with a 
different conformation was confirmed unambiguously 
by the 1H-NMR spectra, which were identical, also with 
respect to details which are very sensitive to alterations 
in the protein conformation (Chapter 4). 
As mentioned already (see Material and Methods) 
Phe73-Leu was isolated not only from an insoluble 
pellet by guanidine hydrochloride treatment, but also 
Fluorescence studies of the binding of gene V mutant proteins to polynucleotides 41 
Table 3.2 Binding characteristics at 5 'C and pH 
6.9, for the binding of wild-type and mutant gVp 
to poly(dA), deduced from salt titration experi­
ments and binding isotherms at high Ionic 
strength. 
0.1 M NaCI M"1 
wild-type 
Tyr26-Cys 
Tyr34-His 
Tyr41-Phe 
Tyr41-His 
Gly18-Asp 
Tyr56-His 
Tyr61-His 
Phe68-Leu 
Phe73-Leu 
Arg16-His 
Arg21-Cys 
Arg82-Ser 
3.5 
2.0 
4.0 
4.0 
4.5 
4.0 
4.0 
3.5 
4.0 
3.5 
4.0 
2.5 
3.0· 106 
5.1 - 1 0 4 
2.6· 104 
1.3 · 1 0 5 
1.3-105 
2.2 Ί Ο 3 
6.3 · 1 0 6 
1.0 · 106 
1.1 · 1 0 5 
1.0 · 1 0 6 
6.6 · 1 о 4 
1.3 · 1 0 5 
600 
220 
110 
185 
600 
600 
310 
120 
50 
800 
directly from the soluble fraction of the cell without 
guanidine hydrochloride. Again no differences in the 
binding characteristics of both samples were detect­
able and the 1H-NMR spectra were also identical 
(Chapter 4). Therefore we conclude that the confor­
mation and the properties of gene V proteins obtained 
after denaturation by guanidine hydrochloride and 
renaturation, are characteristic for these proteins in 
solution. This agrees very well with the results of Zabin 
and Terwilliger (1991). These authors found reversi­
bility of guanidine hydrochloride-induced denaturation 
for wild-type gVp (Liang and Terwilliger, 1991) and for 
five temperature sensitive gVp variants, including 
Phe68-Leu, using circular dichroism measurements at 
229 nm (Zabin and Terwilliger, 1991). 
DISCUSSION 
Stability of gene V mutant proteins 
Fluorescence titration studies of wild-type gVp are 
complicated by the intrinsic instability of the protein, in 
aarticular at low protein concentrations and at low ionic 
strength, resulting in denaturation followed by the 
formation of higher protein aggregates (see e.g. Alma 
et al., 1983b). For wild-type gVp artefacts due to 
denaturation can be avoided by making the appropriate 
precautions (Alma et al., 1983b). However, all mutant 
proteins except Tyr41-His, Tyr41-Phe, and Phe73-Leu 
showed a further reduced stability under fluorescence 
titration conditions, as compared to the wild-type 
protein. The dependence of the protein denaturation 
on its concentration is clearly demonstrated by the 
different behaviour of some mutant proteins in 1H-NMR 
experiments (protein concentration 1-5 mM; Chapter 4) 
and in fluorescence titrations (protein concentrations in 
the μΜ range). For example, Tyr26-Cys and Tyr34-His 
show the same, or even a higher stability with respect 
to the wild-type protein in 1H-NMR measurements 
(Chapter 4), while fluorescence titrations carried out to 
determine /C/nfand ω separately, could not be per­
formed with these proteins as a consequence of their 
instability at these concentrations (see Results). This 
concentration dependence can be explained by 
assuming that the denaturation proceeds via the 
following pathway: 
(1) D <-» 2M equilibrium 
(2) M -» U denaturation 
(3) xU -» Ux aggregation 
where D is the folded dimer, M is the folded monomer, 
and U is the unfolded monomer, which further 
aggregates to larger complexes Ux. We mention that in 
accordance with this model, from equilibrium sedimen­
tation experiments with wild-type gVp an association 
constant for the monomer-dimer equilibrium (1) of 8 · 
105 M"1 has been calculated (Pörschke and Rauh, 
1983), which means that in 1H-NMR measurements the 
protein is mainly present as a dimer, while in fluore.L 
cence titrations it is almost completely dissociated into 
monomers. A comparable model has been proposed 
by Liang and Terwilliger (1991) to describe the 
denaturation of gVp by guanidine hydrochloride. In that 
model the denaturation step 2 is reversible and does 
not lead to the formation of higher aggregates (the 
presence of aggregates is indeed very improbable at 
high guanidine hydrochloride concentrations). At 
guanidine hydrochloride concentrations above 2 M, 
partially folded intermediates and the folded monomer 
M are absent, and the denaturation equilibrium can be 
described by a simple two-state model. In our descrip-
tion the rate of the irreversible denaturation (or perhaps 
reversible denaturation followed by irreversible aggre-
gation) is dependent on the concentration of the 
folded monomer M. According to the monomer-dimer 
equilibrium (1) a lowering of the total protein concen-
tration increases the monomer fraction thus favouring 
denaturation. 
In this way, a mutation could influence the 
denaturation in two different ways, namely by enhanc-
ing the rate of the denaturation step (a direct effect on 
the stability of the folded monomer), or by causing a 
shift of the monomer-dimer equilibrium to the monomer 
(increased dissociation constant). The concentration 
dependence of the protein stability provides an indica-
tion for which of these mechanisms is connected with a 
specific mutation. For example, as has been men-
tioned already, Tyr26-Cys and Tyr34-His are stable at 
high concentration (1H-NMR conditions) but far less 
stable than wild-type gVp at low concentration (flúores-
42 Chapter 3 
cence titration conditions). This implies that the 
decreased stability is a property of the monomer itself. 
On the other hand, Tyr61-His and Phe68-Leu show a 
low stability at concentrations used for 1H-NMR meas­
urements (Chapter 4), which points to a strongly 
enhanced dimer dissociation at these protein concen­
trations, suggesting a direct involvement of these 
residues in the monomer-monomer interaction. For 
Phe68-Leu this result agrees with the observation of 
Zabin and Terwilliger (1991), who also suggest as a 
possible explanation for the strongly increased 
instability, the loss of the interaction between two 
Phe68 residues in a monomer-monomer contact upon 
replacement of these residues by leucine. It is not 
simple to predict the effect of a specific mutation on the 
protein stability. Generally it is assumed that, depend­
ing on the nature of the mutation (e.g. nonpolar vs. 
polar), substitutions at sites which are buried in the 
interior of the protein molecule, are more destabilizing 
than mutations at solvent exposed sites. However, it 
has been shown that out of ten temperature sensitive 
gVp mutants differing in stability from the wild-type 
protein, three mutations were at buried sites, four at 
moderate exposed sites, and three at highly exposed 
sites (Zabin and Terwilliger, 1991). 
Binding properties of gVp with a mutation in 
the DNA binding domain 
As mentioned already strong evidence exists that 
Arg16, Arg21, Tyr26, and Phe73 are directly involved 
in DNA interaction (Chapter 4; King and Coleman, 
1987). The arginine mutants, Arg16-His and Arg21-
Cys, exhibit significantly decreased values of n, Qmax, 
and ω. Caution is needed in the interpretation of the 
decreased η and Qmax, because these effects can 
originate from different sources. Substitution of an 
arginine by histidine, or cysteine does not necessarily 
affect the tyrosine fluorescence or its quenching Qmax, 
but it cannot be excluded either. Concerning the 
decrease of n, site sizes lower than 4 have also been 
found for the binding of M13 wild-type gVp to 
oligonucleotides, and to polynucleotides in the 
absence of salt, i.e. at salt concentrations lower than 5 
mM (n = 2 or 3) (Alma et al., 1982; Gray et al. 1984; 
Bulsink étal., 1986; Kansy étal., 1986; Bulsink étal., 
1988). 
Comparison of the stoichiometric numbers of the 
different mutant proteins in Table 3.1, shows that η 
ranges from 1.7 to 3.7, rather than being either n=2, 3, 
or 4. In addition, a decrease in π is sometimes 
accompanied by a decrease in the fluorescence 
quenching Qmax, leading to the result that Qmax/n is 
less affected. For some of the mutant proteins, in 
particular for those with a low stability and an increased 
tendency to aggregate, the smaller values of η and 
Qmax may result from the presence of a considerable 
amount of the unfolded monomer U or its aggregates 
U x in the solution, which does not bind to the 
polydeoxyribonucleotides. From an analysis of the 
fluorescence titrations it can easily be shown that the 
presence of inactive protein lowers the O m a x and π by 
the same factor, thus leaving Qmax/n unaffected. In this 
respect salt titration experiments are more reliable 
because they start with a solution of the protein· 
polynucleotide complex obtained by once mixing two 
freshly prepared solutions containing the protein and 
the polynucleotide in relatively high concentrations. 
Only Tyr26-Cys, Gly18-Asp/Tyr56-His, and Phe73-Leu 
show strongly increased Qmax/n values. Since the 
replacement of a tyrosyl residue will, in general, 
influence the tyrosyl fluorescence it is difficult to draw 
conclusions from changes of O m a x f o r this type of 
mutation. For Phe73-Leu, Qmaxts close to the value 
observed for wild-type gVp. Here the most striking 
effect is the much lower η for the binding to poly(dA). It 
is remarkable that the binding to poly(dU) and poly(dT) 
yields the same value for π as for wild-type gVp. This 
mutant protein also has a lower binding affinity for 
poly(dA) as compared to the wild-type protein. Since 
binding to poly(dU) and poly(dT) is always stronger than 
to poly(dA), the decreased stoichiometry could be 
related to the lower affinity for poly(dA), maybe as a 
consequence of the loss of stacking interaction 
between Phe73 and an adenyl residue. This implies 
that the binding strength itself can affect stoichiometry 
or quenching. Similar observations have recently been 
reported by Zabin and Terwilliger (1991), who 
observed a decreased binding affinity accompanied 
with a lowering of η for the mutant proteins, Lys69-His 
and Lys69-Met. Possibly the binding affinity can 
change the stoichiometry by a modulation of the DNA 
structure. 
Tyr26-Cys shows a binding behaviour completely 
different from that of wild-type gVp. A decrease of η to 
2.0 is observed together with an increase of Qmaxln to 
0.25, which is much higher than the corresponding 
value for wild-type gVp (Table 3.1). Therefore the 
lowering of π cannot be explained by the increased 
protein instability. Moreover, K¡nt · ω is 60 times lower 
(Table 3.2). Furthermore, Tyr26-Cys and Arg82-Ser are 
the only mutant proteins for which the salt dependency 
of Kint · ω is not the same as that of wild-type gVp. 
These observations are congruent with the current 
idea that besides Phe73, Tyr26 is also directly involved 
in interaction with the DNA (Chapter 4; King and 
Coleman, 1987). 
For Gly18Asp/Tyr56-His, /C/nf»œ is even 1400 
times smaller than for the wild-type protein at the same 
NaCI concentration. Possibly the substitution of Gly18 
is responsible for this lower binding affinity because 
Gly18 also is part of the DNA binding wing (van 
Duynhoven et al., 1990; Folkers et al., 1991). 
Effect of mutations in the purported mono-
mer-monomer interaction region on the 
binding properties 
The interaction area of two monomeric subunits in 
the dimer is presumed to comprise roughly residues 
Leu60 through Ala86 (Brayer and McPherson, 1983). 
Therefore mutations in this sequence could result in a 
perturbation of the monomer-dimer equilibrium. For 
Tyr61-His and Phe68-Leu this was already demon-
strated by the increased instability of these mutant 
proteins. This needs not automatically lead to a change 
of the DNA binding properties, because at the low 
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protein concentrations at which the fluorescence 
titrations are carried out the proteins probably are 
already present, mainly as the folded monomers M. If 
binding occurs from the monomeric state then a 
decrease of the dimer dissociation constant will have 
little influence on the binding isotherms measured 
under fluorescence titration conditions. The binding 
characteristics of Tyr61-His and Phe68-Leu are indeed 
nearly identical to those of wild-type gVp, indicating 
that both residues are not involved directly in the 
interaction with the DNA. For Phe68-Leu the results 
are in good agreement with the values recently 
reported by Zabin and Terwilliger (1991). The two other 
proteins with mutations in the purported monomer-
monomer interactions area, i.e. Phe73-Leu and Arg82-
Ser, show binding characteristics which are different 
from those of wild-type gVp. For Phe73-Leu this is not 
surprising because Phe73 is known to be in contact 
with the DNA upon binding. Arg82-Ser shows a 
drastically reduced salt dependency of the binding and 
also a lower affinity to poly(dA). The first effect can be 
explained by assuming that the replacement of a 
positively charged arginine at position 82 by a neutral 
residue results in the loss of a chloride ion bound at 
Arg82. For wild-type gVp this chloride ion is only 
released upon binding to ssDNA. 
Effect of substitution at Tyr34 or Tyr41 on 
the DNA binding characteristics 
In the original model of the protein»nucleic acid 
complex proposed by Brayer and McPherson (1983; 
1984a) Tyr34 and Tyr41 are directly involved in the 
interaction with ssDNA. However, from 1H-NMR studies 
(Chapter 4; King and Coleman, 1987) clear evidence 
has been obtained that Tyr26 and Phe73 are the only 
aromatic residues in direct contact with the nucleic acid 
in the DNA'protein complex. In this complex Tyr41 
most likely plays a crucial role in the mutual interaction 
of gVp dimers. This may form the basis for the 
observed co-operativity in the binding to ssDNA and for 
the tendency of dimers to cluster to tetramers or even 
larger polymers in a protein solution at higher 
concentrations (Chapter 4). Indeed, substitution of 
Tyr41 leads to better solubility characteristics and 
better resolved 1H-NMR spectra. The explanation for 
these effects can be found in a decrease of the 
tendency for clustering of the protein dimers after 
substitution of Tyr41 (Chapter 4). 
Tyr34 might also be a part of the possible dimer-
dimer interaction surface (Chapter 4), although this has 
not been proven yet. Tyr34-His has a 100 times lower 
binding affinity for poly(dA) than wild-type gVp. Since 
no values for ω could be calculated for this mutant 
protein from the binding isotherms, due to the 
instability of the protein, it is uncertain whether this 
smaller binding affinity results from a strong reduction 
of ω or a decrease of Kmt, or of both. The two substitu­
tions at position Tyr41 both show a reduction of ω with 
a factor 3 to 6 while K¡nt· ω is about 20 times smaller 
than for wild-type gVp. Although for these mutant 
proteins a lower co-operativity parameter is indeed 
found, there is also an effect of the mutation on Kint. 
Moreover, as follows from Table 3.2, more mutant 
proteins have a reduced co-operativity. Because of the 
limited accuracy of the fitting procedure especially if 
inactive (denatured) protein is present, the separate 
values of ω have to be considered with caution. 
For Tyr41-His the values of η and Qmax for the 
binding to poly(dA) are lower than those for wild-type 
gVp. However, higher values are found for poly(dU), 
while for poly(dT) η comes close to the wild-type value. 
This effect, namely the dependence of stoichiometry 
or quenching on the binding affinity itself, was also 
observed for Phe73-Leu (vide supra). 
Relationship between biological activity and 
alterations in binding characteristics 
In comparison to wild-type gVp, all mutant proteins 
considered in this study do not inhibit the production of 
phagemid DNA transducing particles, and are not able 
to repress the translation of a chimeric lacZ reporter 
gene, whose expression is controlled by the promoter 
and translational initiation signals of M13 gene II. It is, 
however, not simple to relate the in vivo behaviour of 
these proteins directly to their binding characteristics 
deduced from the present fluorescence studies. The 
interference of gVp with the propagation of the helper 
phage and the phagemid DNA transducing particles is 
caused by both inhibition of the conversion of the viral 
infecting strand into replicative form I DNA, in which 
non-specific nucleic acid binding is involved, and 
repression of the synthesis of gene II protein, which 
requires specific nucleic acid binding (Chapter 2). In 
addition, the production of insoluble protein in many 
cases may be a problem. In that situation the actual 
concentration of soluble, active protein in the cell is not 
known. A reduced biological activity could well be the 
result of the presence of only a very small amount of 
soluble protein instead of a change in binding 
properties. Substitutions at position Tyr41 do not have 
these drawbacks. This means that for Tyr41 -Phe and 
Tyr41-His the reduction of the biological activity can be 
ascribed to their altered binding properties. 
CONCLUSIONS 
Single amino acid substitutions at crucial positions 
in the DNA binding domains of gVp lead to alterations 
in the binding characteristics without disturbing the 
binding completely, as far as the interaction with 
homopolydeoxyribonucleotides is concerned. The 
reason for this must be found in the fact that although 
there is a preference in binding affinity for certain 
bases, like U and T, the binding to homopolynucleo-
tides is generally not very specific. In this respect it is 
now important for a better understanding of the 
biological significance of gVp*DNA interactions, to look 
for local details, i.e. to study the binding to certain 
essential DNA or RNA sequences. Recently, it has 
been shown that a 16-nucleotide-long region in the 5' 
non-translated leader of gene II mRNA, is required in 
vivo for repression by gVp (Michel and Zinder, 1989a; 
Zaman et al., 1990; 1991). Mutations in this region 
which abolish gene II translational repression in vivo, 
also affect the binding of gVp to this region in vitro 
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(Michel and Zinder, 1989b; Zaman, 1991). The study characteristics of wild-type and mutant gVp to these in 
by means of fluorescence titrations of the binding vivo sequences is at present under investigation. 
CHAPTER 4 
IDENTIFICATION OF THE AROMATIC AMINO ACID RESIDUES 
OF THE GENE V PROTEIN OF BACTERIOPHAGE M13, INVOLVED IN 
SINGLE-STRANDED DNA BINDING 
CHARACTERIZATION OF WILD-TYPE AND MUTANT M13 
GENE V PROTEINS BY MEANS OF 1H-NMR 
P.J.M. FOLKERS, A.P.M. STASSEN, J.P.M. VAN DUYNHOVEN, B.J.M. HARMSEN, 
R.N.H. KONINGS, and C.W. HILBERS (1991) Eur. J. Biochem. 200: 139-148. 
ABSTRACT 
Recording of good quality NMR spectra of the single-stranded DNA binding gene V 
protein of the bacteriophage M13 is hindered by a specific protein aggregation effect. 
Conditions are described for which NMR spectra of the protein can best be recorded. The 
aromatic part of the spectrum has been reinvestigated by means of two-dimensional total 
correlation spectroscopy. Sequence-specific assignments were obtained for all of the 
aromatic amino acid residues with the help of a series of single-site mutant proteins. The 
solution properties of the mutants of the aromatic amino acid residues have been fully 
investigated. It has been shown that, for these proteins, either none or only local 
changes occur compared to the wild-type molecule. Spin-labelled oligonucleotide-
binding studies of wild-type and mutant gene V proteins indicate that Tyr26 and Phe73 
are the only aromatic residues involved in binding to short stretches of single-stranded 
DNA. The degree of aggregation of wild-type gene V protein is dependent on both the 
total protein and salt concentration. The data obtained suggest the occurrence of specific 
protein-protein interactions between dimeric gene V protein molecules in which the 
tyrosine residue at position 41 is involved. This hypothesis is further strengthened by the 
observation that the solubility of Tyr41 mutants of gene V protein is significantly higher 
than that of the wild-type protein. The discovery of the so-called 'solubility' mutants of 
M13 gene V protein has finally made it possible to study the solution structure of gene V 
protein and its interaction with single-stranded DNA by means of two-dimensional NMR. 
INTRODUCTION 
One of the essential genes in the life cycle of 
filamentous bacteriophages, such as Ff (M13, fd, f1) 
and IKe, is gene V. The product of this gene is a single-
stranded DNA binding protein (gVp) which is indispen-
sable for the production of progeny viral strand DNA of 
the phage genome (Model and Rüssel, 1988). Late 
after infection, the protein binds strongly and co-
operatively to single-stranded DNA (ssDNA) and 
initiates in this way the switch of double-stranded DNA 
synthesis to the production of progeny viral strands. 
Since it was first isolated, the protein has been 
subjected to various physico-chemical studies and is 
considered an important model for protein-ssDNA 
interactions. The protein consists of 87 amino acids, 
and exists in solution predominantly as a dimer 
(molecular mass 19.4 kDa). It is the only ssDNA binding 
protein whose crystal structure is currently known 
(Brayer and McPherson, 1983). The refined model of 
the protein reveals that the individual monomers are 
entirely composed of ß-structure and that they are 
closely associated about a twofold axis. On the basis of 
the crystal structure, a model for the complex of ssDNA 
and gVp has been proposed (Brayer and McPherson, 
1984a). In this interaction model, two nucleic acid 
strands bind to one dimer in an antiparallel fashion with 
stoichiometries of 5 nucleotides/protein monomer. The 
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proposed protein-ssDNA interactions involve electro-
static binding of the nucleic acid phospho-diester bond 
by residues Arg16, Arg21, Arg80 and Lys46 and 
stacking of the nucleic acid bases with the side chains 
of Tyr26, Tyr34 and Tyr41 of one monomer and Phe73 
of the opposite monomer. In the model, the observed 
co-operativity in the binding of ssDNA to gVp has been 
explained in terms of an interaction between gVp 
dimers located on well defined domains of the individ-
ual protein molecules. 
However, in previous papers, physico-chemical 
observations contrasting the proposed ssDNA-gVp 
interaction model, as well as of features of the crystal 
structure, have been reported (Gray et al., 1984; King 
and Coleman, 1987, 1988; van Duynhoven era/., 
1990). One of the fundamental differences is the 
chosen stoichiometry of 5 nucleotides per monomer in 
the interaction model despite the fact that stoichiom-
etries of 3 nucleotides per monomer for oligonucleo-
tide»protein complexes (n=3 binding mode) and 4 
nucleotides per monomer for polynucleotide»protein 
complexes (n=4 binding mode) have been reported 
(Alma era/., 1981a; Bulsink et al., 1986). 
NMR studies have suggested the involvement of 
only two aromatic amino acid residues in the binding to 
ssDNA (King and Coleman, 1987). The assignments of 
these residues has been based on NOESY spectra 
recorded in D2O solution combined with the knowl-
edge of the crystal structure. However, 1H-NMR assign-
ments which are based on crystallographic data may 
easily lead to errors. This is particularly so given the fact 
that recently for the DNA binding wing in gVp, encom-
passing residues 13-31, a structure was proposed on 
the basis of1H-NMR data that differs from the same 
amino acid sequence in the crystal (van Duynhoven et 
al., 1990). In order to obtain more information on the 
possible DNA binding domain and to establish 
unequivocally the roles of the individual aromatic amino 
acid residues in the complex formation with ssDNA, we 
started with the characterization of missense gVp 
mutants which have been constructed by means of 
saturation mutagenesis (Chapter 2). 
This paper is the first in a series of NMR studies on 
M13 gVp. It describes general spectral and structural 
features of both wild-type (wt) gVp and a variety of gVp 
mutants. Special attention is paid to the gVp mutant 
proteins in which the aromatic residues are substituted 
for other residues. Solution properties of wild-type and 
mutant proteins, such as stability and solubility, are 
investigated. Optimal conditions for NMR experiments 
are established and the DNA binding domains of the 
proteins are explored by means of spin-labelled oligo-
nucleotides. The results are compared with those 
obtained in earlier studies. 
MATERIALS AND METHODS 
Protein purification 
The procedure used for the construction and 
expression of a library of M13 gVp mutants is described 
in Chapter 2. The level of expression of the mutant 
proteins can be divided into two categories. The low 
producers (wild-type, gVp Tyr41-His and Tyr41-Phe) 
reach a level of expression which is comparable to that 
in M13-infected cells and where the protein is present 
in the soluble fraction of the cells. The high producers 
(gVp Tyr26-Cys, Tyr34-His, Tyr61-His and Phe73-Leu) 
reach, for reasons still unknown, a level of expression 
which is at least ten times higher. These proteins 
accumulate in the form of highly retractile particles 
called 'inclusion bodies'. The soluble proteins were 
isolated as described previously (Garssen et al., 1977; 
van Duynhoven era/., 1990). A modified procedure 
was developed to isolate insoluble mutant proteins (Cf. 
Chapter 3). In short, after sonification and subsequent 
centrifugation of the cells, the pellet, which contained 
the insoluble mutant protein was resuspended in 
buffer containing 6 M guanidine hydrochloride, 0.02 M 
TriS'HCI pH 7.8, 5 mM EDTA, 1 mM 2-mercaptoethanol, 
0.05 M NaCI, and 10% (vol./vol.) glycerol during 4-15 hr 
at 4°C. Then, the protein was renatured by means of 
dialysis in the same buffer without the guanidine 
hydrochloride. After subsequent centrifugation, the 
soluble protein fraction was loaded on a DNA-cellulose 
affinity column. From this point, the normal procedure 
for gVp isolation was reinstated. After dialysis against 1 
mM cacodylate buffer (pH 6.9) containing 50 mM NaCI, 
all purified proteins were lyophilised and stored at 
-20°C. The gVp mutant Tyr41-His contains a histidine 
residue instead of a tyrosine residue at position 41. 
The other mutants are named in a similar manner. 
The protein monomer concentrations were deter-
mined by measuring absorbance at 276 nm (pH 6.9) 
using the absorption coefficients of 6400 M"1cnr1 for 
Tyr26-Cys, 5150 M ' W 1 for Tyr34-His, 5680 M ' W 1 
for Tyr41-Phe, Tyr41-His and Tyr61-His, 7100 M-1cnr1 
for wild-type gVp, and 8000 M-1cnrr1 for Phe73-Leu. 
The absorption coefficients were determined for the 
mutant proteins by means of the Bio-Rad Protein Assay 
(Bradford, 1976), using wild-type gVp as a reference. 
Samples of wild-type and mutant gVp were 
measured in D2O at very low ionic strength with a 
concentration ranging from approximately 0.5 to 4.0 
mM dependent on the sample quality. The pH of the 
samples, which ranged between pH 5.1 and pH 7.5, 
was adjusted with diluted DCI. 
Spin-labelled oligonucleotides 
The spin-label trinucleotide, three adenyl residues 
to which the spin-label 4-hydroxy-1-oxyl-2,2,6,6-tetra-
methyl piperidine (TEMPO), was covalently attached via 
phospho-diester bonds at both the 5' and 3' end of the 
oligonucleotide, was synthesized, purified and charac-
terized as described by Claesen era/. (1986). We will 
refer to this spin-label as: '(dAfo*. where the asterisks 
refer to the attached spin-label. The concentration of 
*d(A)3* in H20 (at pH = 7) was determined from its 
absorption at 260 nm, using the absorption coefficient 
for the adenine trimer (Cassani and Bollum, 1969) 
corrected for a slight extra absorption by the TEMPO 
moiety, i.e. 37500 M_1cnv1. The binding experiments 
were carried out by adding small amounts of a concen-
trated solution of the spin-labelled oligonucleotide to 
the protein solutions. The *d(Ab* (D2O) solutions 
contained a low (millimolar) salt concentration and were 
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adjusted to the pH of the protein sample prior to the 
experiments. 
1H-NMR measurements 
1H-NMR experiments were performed at 400 MHz 
on a Bruker AM400 spectrometer interfaced to an 
ASPECT 3000 computer. MLEV17 TOCSY experi­
ments (Bax and Davis, 1985; Griesinger et al., 1988) 
were conducted at 298 К unless otherwise stated, with 
mixing times around 30 ms. The residual water 
resonance was suppressed using DANTE (Morris and 
Freeman, 1978). In all experiments the carrier was 
placed at the position of the water signal and time-
proportional phase incrementation (TPPI) (Marion and 
Wüthrich, 1983) was used for signal accumulation in 
the ti dimension. 
RESULTS 
Optimization of solution conditions for 1 H -
NMR analysis of M13 wt gVp 
Conditions under which reasonable one-dimensional 
1H-NMR spectra of M13 wild-type gVp can be recorded 
were established previously (Alma et al., 1981a). 
Typically, the NMR samples contained 50 mM NaCI, 1 
mM sodium cacodylate pH 7.0 and up to 1 mM gVp. 
However, we have discovered that it is possible to 
optimize the solution conditions further. Wild-type M13 
gVp is particularly sensitive to alterations in protein 
concentration, salt concentration and pH. In Figure 
4.1., changes which occur as a function of salt 
concentration are shown for the aromatic region of the 
'H-NMR spectrum of M13 wt gVp. The peaks 
belonging to a single tyrosine residue, which had been 
designated as TyrlV by Alma et al. (1981a), shift upfield 
when the salt concentration is increased. This effect is 
accompanied by a broadening of all spectral lines, 
ndicative of an increase in aggregation. The increase 
cf the protein concentration results in spectral 
alterations similar to those observed when the salt 
concentration is increased (data shown in: de Jong et 
al., 1987b). Lowering the pH down to approximately 
5.1 reverses the aggregation effect to some extent, 
while a further decrease results in rapid denaturation of 
[he protein. Once denatured, it is not possible to 
renature the protein by increasing the pH. Hence, NMR 
Tieasurements of M13 wt gVp can be performed best 
it very low ionic strength and at pH 5.1. Under these 
conditions, it was possible to study samples with 
concentrations up to 1.5 mM M13 wt gVp without 
nducing too significant aggregation and with reason-
ably narrow lines. The temperature range at which 
sxperiments can be conducted with these relatively 
concentrated samples is however very limited. 
Typically, NMR experiments can be performed at a 
:emperature around 298 K. 
Analysis of the aromatic region of the 1H-NMR 
spectrum 
The aromatic part of the 1H-NMR spectrum of M13 
wt gVp has been investigated thoroughly by Alma et al. 
[1981 a). M13 wt gVp contains one histidine, three 
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Figure 4.1 Salt concentration dependency of the 
aromatic region of the M13 wt gVp spectrum. 
The arrows indicate the resonance positions of the TyrlV 
spin-system. The sample contained 0.5 mM gVp, pH 7.5. Salt 
concentration: (A) low ionic strength; (B) 25 mM NaCI; (C) 100 
mM NaCI. 
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phenylalanine and five tyrosine residues. The indivi­
dual spin-systems of all aromatic residues have been 
identified. The unique histidine residue in gVp at posi­
tion 64 could be sequence-specifically assigned. In 
Figure 4.2., a 1H-NMR spectrum of the aromatic part of 
M13 wt gVp is presented in which the assignments of 
the individual protons to residue type are indicated by 
Roman numerals. The results were obtained by means 
of photo-chemically induced dynamic nuclear polariza­
tion experiments (Garssen et al., 1978), selective 
decoupling experiments and one-dimensional NOE 
difference measurements (Alma et al., 1981a). 
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:lgure 4.2 The aromatic part of the 1 H - N M R 
tpectrum of O.B mM M13 wt gVp (pH 5.1). 
rhe assignments of the individual protons to residue type are 
ndicated by Roman numerals. 
Nowadays, all coupled resonances in the aromatic 
egion can be identified using two-dimensional double 
juantum filtered COSY (Ranee et al., 1983) and total 
:orrelation (TOCSY) spectra (Griesinger era/., 1988). 
\n example of a TOCSY spectrum of M13 wt gVp is 
jiven in Figure 4.3: Figure 4.3A displays a protein with 
ι low degree of aggregation as can be judged from the 
itrations and pH titrations for this protein.The mutant 
>roteins gVp Tyr26-Cys and Phe73-Leu behave very 
similarly in position of the TyrlV spin-system. In this 
situation, the TyrlV crosspeak is downfield shifted and 
is positioned left from the crosspeak connecting the 
resonances which make up the Tyrlll spin-system. 
Figure 4.3B and С display a part of the aromatic region 
of two other TOCSY spectra of M13 wt gVp which 
reflect the influence of an increased aggregation. The 
crosspeak belonging to the TyrlV spin-system in Figure 
4.3B is right on top of the crosspeak of spin-system 
Tyrlll, while in Figure 4.3C it is even further upfield 
shifted. In the latter case, the resonances of spin-
system TyrV are also slightly shifted. Tyrll gives rise to 
broadened resonances indicative of intermediate 
exchange between the two possible chemical shift 
positions for the pairs of Ηδ and Ηε protons of the ring 
(Wiithrich, 1986). The remaining four tyrosines 
generate relatively narrow resonances characteristic of 
an aromatic ring flipping rapidly about the Cß-Cy bond 
such that the Ηδ1 and Ηδ2 resonances and the He1 
and Ηε2 resonances are superimposed. Similarly, the 
Phe resonances exhibit a degenerate spin-pattern due 
to rapid ring flips. 
Characterization of mutants of the aromatic 
residues of M13 gVp 
Missense mutants were constructed for four out of 
five tyrosines and one out of three phenylalanines. The 
level of gVp synthesis in the cells varies significantly 
with the mutants investigated. The level of expression 
of the wild-type protein and of the gVp mutants Tyr41 -
Phe and Tyr41-His is comparable to that of gene V 
protein in phage-M13-infected cells. These recombi­
nant proteins are present in the soluble fraction and 
isolated as described previously (Garssen et al., 1977). 
The expression level of the gVp mutants Tyr26-Cys, 
Tyr34-His, Tyr61-His and Phe73-Leu is, for reasons still 
unknown, at least ten times higher and their encoded 
proteins accumulate as so-called 'inclusion bodies' in 
the cell. The proteins were isolated from these particles 
using a denaturation step with guanidine hydro­
chloride. A significant amount of mutant protein Phe73-
Leu, however, could also be isolated from the soluble 
fraction of the cell extract. 
To test whether the renaturation procedure 
resulted in a proper folding of the polypeptide, 1H-NMR 
spectra of wild-type M13 gVp isolated from the 
cytoplasmatic fraction and wild-type gVp that was 
subjected to the denaturation and renaturation proce­
dure but derived from the same protein batch were 
compared (Figure 4.4). It can be concluded that these 
spectra are very similar, thus indicating that the 
renaturation procedure developed results in a proper 
refolding of the denatured protein. Close examination 
of the aromatic regions of the spectra, however, 
revealed a small difference in aggregation state 
between both samples, with the control, wild-type, 
sample being less aggregated. 
Optimal samples of all mutant proteins were 
obtained at very low ionic strength, a property which is 
similar to wt gVp. The differences in quality of the 
mutant gVp samples varied significantly however. For 
example, gVp mutant Tyr61-His is very unstable. 
Samples of Tyr61-His could only contain up to 0.5 mM 
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Figure 4.3 TOCSY spectrum of M13 wt gVp. 
[A) 30 ms TOCSY spectrum of the aromatic region of 0.5 mM M13 wt gVp at low ionic strength (pH 7.1). The individual spin-
systems are indicated by connecting arrows. The assignments to residue type are taken from Alma et al. (1981a). (В) TOCSY 
spectrum of a part of the aromatic region of wt gVp (1 mM, pH 7.0) at low ionic strength. (C) TOCSY spectrum of a part of the 
ìromatic region of wt gVp at higher ionic strength (1 mM, pH 7.5), displaying upfield-shifted TyrlV resonances. 
protein and experiments could only be conducted at a 
•naximum temperature of 295 K. It has not yet been 
jossible to perform other experiments, such as salt 
itrations and pH titrations, for this protein. 
The mutant proteins gVp Tyr26-Cys and Phe73-
_eu behave very similarly in solution and have a sample 
quality that is comparable to wt gVp. Samples of gVp 
3he73-Leu isolated both from the soluble fraction and 
he insoluble fraction were also compared. The 1H-NMR 
spectra of both samples were almost identical with a 
small difference in aggregation state in favour of the 
sample which was isolated from the soluble fraction. 
The proteins gVp Tyr34-His, gVp Tyr41-Phe and 
jVp Tyr41-His clearly exhibit different properties from 
vt gVp. The 1H-NMR spectra of these samples clearly 
ndicate that the aggregation is much less severe than 
in wt gVp. The solution properties of these samples 
were therefore further studied by means of salt titra-
tions, pH titrations and concentration dependency 
tests. Good quality 1H-NMR spectra of gVp Tyr34-His 
were obtained up to a protein concentration of 3 mM. 
However, samples of gVp Tyr34-His were not as stable 
as wt gVp which made it more difficult to test its solution 
properties further. The p/Cof the histidine introduced at 
position 34 is lower than 5.0. An exact determination 
could not be made because of rapid protein 
denaturation below pH 5. 
At low ionic strength, the gVp mutants Tyr41-His 
and Tyr41-Phe gave rise to *H-NMR spectra with 
relatively sharp resonances up to a concentration of 
approximately 5 mM (pH 5.1). At these concentrations, 
the proteins are stable for at least a few days at a 
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Figure 4.4 ^-NMR spectra of M13 wt gVp. 
0.5 mM wt gVp pH 5.2 which was (A) subjected to a 
denaturation step with guanidine hydrochloride (the 
impurities introduced are indicated by an x) and (B) taken 
from the same batch as a control. 
temperature of 298 K. Increase of the temperature by 
only a few degrees results in rapid denaturation. Both 
samples are less sensitive to changes in salt and 
protein concentration than samples of wt gVp. In Figure 
4.5., the aromatic spectrum of the sample Tyr41-His is 
shown at two different protein concentrations. The 
spectral alterations which can be observed are not as 
prominent as in the case of wt gVp and mainly involve a 
line broadening effect going to a higher concentration. 
The line widths of the individual resonances still remain 
relatively small at a concentration of 4 mM. The peaks 
belonging to the spin-system TyrlV in the specta of wt 
gVp are missing. The histidine introduced at position 
41 in the Tyr41-His mutant has a p/Cof 6.5, indicative of 
a residue which is exposed to the solvent. 
Sequence-specific assignment of the aroma­
tic residues 
Sequence specific assignments for the aromatic 
region of wt gVp were obtained by making a 
comparison of the TOCSY spectra of all aromatic mutant 
samples. The applicability of this approach is limited to 
the case where the spectra of wild-type and mutant 
protein are very similar. In Figure 4.6., the aromatic 
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Figure 4.5 Concentration dependency of the 
aromatic region of the 1H-NMR spectrum of M13 
Tyr41-His gVp (pH 5.2). 
M13 Tyr41-His gVp concentrations: (A) 4 mM (B) 0.5 mM. 
regions of the TOCSY spectra of wt gVp and of six 
mutant proteins are displayed. It can be seen that, apart 
from the absence of a few resonances, most of the 
aromatic spectra of mutant gVp are almost identical to 
that of wt gVp. Some resonances undergo small shifts 
but could nevertheless be easily identified. 
In Table 4.1, a summary of the assignments 
obtained for wt gVp is presented. The distinction 
between δ and ε resonances, which has in part already 
been made previously (Garssen era/., 1980; Alma et 
al., 1981a; de Jong et al., 1987b), was re-evaluated by 
means of a NOESY (D2O) spectrum of wt gVp which 
showed NOE crosspeaks between the Ηβ proton 
resonances and the Ηδ ring proton resonances (data 
not shown). In the spectrum of the gVp mutant Tyr26-
Cys, the crosspeaks connecting the resonances at 
6.48 ppm and 6.88 ppm, which earlier had been 
designated as Tyrl in wt gVp, are clearly missing (Figure 
4.6B). The rest of the aromatic spectrum is hardly 
different from that of wt gVp and therefore Tyrl can be 
ascribed to Tyr26. Similarly, in the spectrum of gVp 
Tyr34-His, the TyrV spin-system is missing (Figure 
4.6C). The spectrum displays a downfield-shifted TyrlV, 
indicative of a decreased level of aggregation. This 
observation is in agreement with the improved spectral 
quality of gVp Tyr34-His in comparison to wt gVp. 
The tendency to aggregate is even less in the gVp 
mutants Tyr41-Phe and Tyr41-His, in which the TyrlV 
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spin-system is missing. Now it can be concluded 
unambiguously that the residue which accounts most 
for the aggregation effect in wt gVp is the tyrosine 
residue at position 41 (Figures 4.6D and 4.6G). The 
aromatic spectrum of the mutant gVp Tyr61-His clearly 
lacks the broad resonances at 6.58 ppm and 6.75 ppm 
in wt gVp (Figure 4.6E). Tyr61 makes up spin-system 
Tyrll and the only remaining tyrosine residue at position 
56 can now by assigned to spin-system Tyrll I by 
elimination. 
Due to the availability of only one phenylalanine 
mutant, a complete assignment of all phenylalanine 
residues using the site-specific mutants could not be 
made. The spectrum of the gVp mutant Phe73-Leu 
can be superimposed on the spectrum of wt gVp 
except for the missing spin-system Phel (Figure 4.6F). 
The assignment of the phenylalanine residues could 
however be completed using the sequence-specific 
resonance assignment procedure, which could be 
applied to the gVp mutant Tyr41-His (Wüthrich, 1986; 
van Duynhoven et al., 1990). The reported sequential 
assignment of a ß-loop of this molecule, encompassing 
residues 13-31, included the aromatic residues Phe13 
and Tyr26. Because of the similarities between wt gVp 
and mutant gVp Tyr41-His, the sequential assignments 
of gVp Tyr41-His were used to complete the assign-
ment of the aromatic resonances in wt gVp. Indeed, the 
assignment of Tyr26 in gVp Tyr41-His agrees with the 
assignment based on mutant studies. Phe13 had not 
been assigned before and can now be attributed to the 
Phelll spin-system. Consequently, spin-system Phell 
can be assigned to Phe68 by elimination. 
Binding of wild-type gene V protein and 
aromatic mutant gene V proteins to spin-
labelled oligonucleotides 
Binding of wt gVp to oligonucleotides causes 
upfield shifts of specific aromatic resonances. Signifi-
cant shifts have been observed for one phenylalanine 
and two tyrosine residues (de Jong era/., 1987b; King 
and Coleman, 1987). However, for one of the tyrosine 
residues the shift does not only depend on the degree 
of saturation of the protein with ssDNA but also on the 
total protein concentration (de Jong et al., 1987b). 
Therefore, it has been concluded that only two 
aromatic residues are involved in binding to ssDNA (de 
Jong et al., 1987b; King and Coleman, 1987). These 
can now definitely be identified as Tyr26 and Phe73. 
Apart from binding normal oligonucleotides to gVp, 
¡t is also possible to probe the ssDNA binding domain 
and its surroundings with spin-labelled oligonucleo-
tides (de Jong et al., 1989b). The spin-labelled ligand 
bound to a macromolecule selectively broadens the 
resonances which are in close vicinity of the spin-label. 
Difference spectra computed from spectra obtained 
with and without spin-labelled ligand will thus display 
the resonances originating from the residues which are 
situated in the region of the binding domain. 
The changes observed in the aromatic part of the 
spectrum upon binding of spin-labelled oligonucleo-
tides to M13 wt gVp are congruent with the changes 
observed in binding of unmodified oligonucleotides. 
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Table 4.1 Resonance assignments for the 
aromatic region of M13 wt gVp at very low 
ionic strength, pH 7.1, 298 K. 
Chemical shifts are expressed relative to 2,2-dimethyl-
2-silapentane-5-sulfonate. The residue-specific 
assignments according to Alma et al. (1981a) appear in 
parentheses. 
Residue 
Tyr26 (Tyrl) 
Tyr34 (TyrV) 
Tyr41 (TyrlV) 
Tyr56 (Tyrlll) 
Tyr61 (Tyrll) 
Phe13 (Phelll) 
Phe68 (Phell) 
Phe73 (Phel) 
His64 
δ 
6.88 
6.96 
7.16 
7.12 
6.58 
6.92 
7.39 
7.31 
52 
7.19 
chemical shift 
ε 
6.48 
6.75 
6.82 
6.78 
6.75 
7.25 
7.17 
7.39 
ε1 
7.97 
made of the aromatic spectra of M13 wt gVp in the 
absence and presence of small amounts of *d(A)3*. 
The aromatic resonances of Phe73 and Tyr26 are 
erased from the spectrum. The difference spectrum 
also reveals some shifts that are caused by the change 
in sample conditions upon addition of the spin-labelled 
DNA. Very prominent in this respect is the shift of spin-
system TyrlV which is now assigned to Tyr41. This 
effect can be reduced by diluting the sample which 
further indicates that Tyr41 does not form a part of the 
DNA binding domain. 
Similar experiments were performed on mutant 
gVp samples. A few examples are shown in Figure 4.7. 
In gVp Tyr34-His, Tyr26 and Phe73 show up in the 
difference spectra. Residue Tyr41 shifts as well but to a 
lesser extent than for the wt gVp. The binding domain 
seems also to be unaffected in the gVp mutants Tyr41-
His and Tyr41-Phe. Despite the absence of the Tyr41 
residue and the reduced aggregation, it can be seen 
that the shift effects did not vanish: apart from small 
shifts of the residue (histidine/phenylalanine) intro­
duced at position 41, other shifts could be observed, 
such as those of Tyr34 and Phe13. These residues 
were identified in two-dimensional difference spectra 
(data not shown). The mutants Phe73-Leu and Tyr26-
Cys still bind to the spin-labelled oligonucleotide 
despite the absence of one of the two important 
aromatics. In the difference spectra of mutant gVp 
Phe73-Leu the tyrosine residue at position 26 can be 
seen. The difference spectra of the gVp Tyr26-Cys 
mutant show the Phe73 residue. These data suggest 
that the major part of the DNA binding domains of these 
mutants is still intact. 
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:igure 4.6 Aromatic regions of TOCSY spectra of M13 wt gVp and a variety of aromatic gVp mutants. 
Ml spectra were recorded at 298 К unless otherwise stated. The mixing times used were approximately 30 ms. Sequence-
specific assignments are indicated in the figure near (one of) the crosspeaks connecting the resonances of the spin-system 
see Figure 4.3). 
A) 0.5 mM wt gVp pH 7.1; (B) 1.0 mM gVp Tyr26-Cys pH 7.0; (C) 3 mM gVp Tyr34-His pH 5.2; (D) 4 mM gVp Tyr41-Phe pH 5.2; 
E) 0.5 mM gVp Tyr61-His at 295 K, pH 7.0; (F) 0.5 mM gVp Phe73-Leu pH 5.2; (G) 1 mM gVp Tyr41-His pH 5.1. 
DISCUSSION 
Optimized conditions have been obtained for 
neasurement of the 1H-NMR spectrum of M13 wt gVp. 
'hese conditions should also be used for measure-
nents of several mutant gVp samples we have at our 
lisposition. From the results presented, it can be 
:oncluded that NMR studies on wild-type and mutant 
/113 gVp can best be conducted at very low ionic 
trengthandatpH5.1. 
M13 wt gVp has a high tendency to aggregate. The 
iggregation effect could be evaluated by considering 
he aromatic region of the 1H-NMR spectrum of wt gVp 
inder different solution conditions. Upon increase of 
he protein and/or salt concentration, two effects occur: 
he first is a broadening of all spectral lines; the second 
s an upfield shift of the peaks belonging to a single 
tyrosine residue, which has now been assigned to 
Tyr41. In this respect, the behaviour of M13 wt gVp is 
very similar to that of the previously studied IKe gVp. 
IKe gVp also contains a tyrosine spin-system which is 
very sensitive to changes in solution conditions (de 
Jong et al., 1987b). This particular tyrosine spin-system 
in IKe gVp has been assigned to Tyr42, by means of 
sequential assignment procedures (de Jong et al., 
1989a). Because of the similar sequences of both 
proteins and the similarity in behaviour of this specific 
residue, it had already been suggested that this 
residue in M13 wt gVp is Tyr41. Using missense 
mutants, we have been able to show that this is indeed 
the case. 
The analysis of the spin-patterns in the aromatic 
region of the 1H-NMR spectrum of M13 wt gVp by 
means of TOCSY spectra is in agreement with the 
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analysis made by Alma et al. (1981a). However, it differs 
slightly from the data presented by King and Coleman 
[1987). Their NMR samples contained between 1-1.8 
TIM wt gVp in the presence of 25 mM phosphate buffer 
эН 7.6. NOESY experiments were conducted at 
emperatures ranging between 298 К and 303 K. The 
τη ajo r difference between their data and ours is the 
ГугІ spin-pattern: in their spectra it exhibits four 
jifferent chemical shift positions for the protons of the 
ing, indicating that the residue is immobilized; in our 
;ase, it appears to be rapidly flipping around the Cß-Cy 
3ond. This indicates that at their conditions, aggrega-
ion of the protein has occurred which led to the 
mmobilisation of the tyrosine ring. 
The solution properties of the gVp mutants we 
іа е studied differ significantly from one another. One 
actor affecting the quality of the protein is the protein 
solation procedure used. For a few mutant clones, the 
expressed proteins accumulate in so-called 'inclusion 
todies' in the cells and were isolated via a denaturation 
>tep. It could be shown that, although the proteins 
solated via this procedure did have a correct fold, the 
evel of aggregation was clearly increased relative to the 
proteins which were isolated from the soluble fraction 
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of the cell extract. 
However, the solubility of the various mutants 
- .  cannot be classified according to the isolation proce-
j dure used. GVp mutant Tyr61-His, which was isolated 
i from 'inclusion bodies' of the Escherichia coli cells, is 
.  hardly soluble at concentrations at which NMR spectra 
s the can be recorded. The spectrum of the aromatic region 
f r contains an extra crosspeak in comparison to wt gVp. A 
)f t  possible explanation is that the Tyr41 is slowly flipping, 
η r indicative of the severe aggregation and low solubility. 
ΐβ-Ογ The increased aggregation of this particular mutant in 
r - comparison to wt gVp cannot be explained as yet. 
3 the The other set of mutants can be divided into two 
categories. The first category comprises mutants such 
as gVp Phe73-Leu and gVp Tyr26-Cys which have 
 properties similar to wt gVp. The second category 
consists of the mutants which have improved solubility 
characteristics, such as gVp Tyr34-His, gVp Tyr41-His 
and gVp Tyr41-Phe. Increase of protein concentration 
•ati and/or salt concentrations in wt gVp and mutants gVp 
ft Tyr26-Cys and gVp Phe73-Leu results in broadening 
J of all spectral lines combined with the prominent shift of 
t the Tyr41 resonances. The specific shift of the Tyr41 
i residue can also be seen upon addition of normal 
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rlgure 4.7 Examples of spectra of the aromatic region of wt gVp (A), gVp Tyr34-Hls (B) and gVp 
Гуг41-НІз (С), recorded In the absence and presence of the spin-labelled oligonucleotide *d(A)a*. 
rhe small arrows in the gVp Tyr41-His spectrum (C) indicate the presence of small shift effects of Phe13 (left arrow) and Tyr34 
right arrow), (a) Spectrum in the absence of spin-labelled oligonucleotide; (b) spectrum after addition of 1/25 equivalent *d(A)3* 
1), of 1/45 equivalent *d(A)3* (2) and 1/12 equivalent *d(A)a* (3), respectively; (c) the difference between (a) and (b). 
jligonucleotides as well as spin-labelled oligonucleo-
ides to both wild-type and these mutant proteins. It is 
/er/ likely that the Tyr41 residue plays a crucial role in 
he specific recognition of gVp dimers. On the basis of 
nodel study, Brayer and McPherson have proposed 
hat hydrophobic interactions between the protein 
»urfaces of two dimers may form the physical basis for 
he observed co-operativity in the binding to ssDNA. 
rhe Tyr41 residue is part of one of the suggested 
nteraction sites. 
From these considerations, it can be suggested 
hat the specific aggregation has to be explained on 
he basis of a set of interactions between dimers 
esponsible for the co-operativity in the binding to 
isDNA. Substitution of the crucial Tyr41 residue 
esulted in changes in the solubility characteristics of 
he protein. The strong interaction between the gVp 
limers is clearly diminished in the gVp mutants Tyr41-
His and Tyr41-Phe. This result further supports the 
lypothesis that the Tyr41 residue plays a dominant role 
π the interdimer interactions. From the DNA binding 
ixperiments and the TOCSY spectra of wt gVp at 
lifferent conditions in combination with two-dimen­
sional NMR experiments (data not shown), it can be 
seen that, for example, the tyrosine residue at position 
34 undergoes a minor shift under a change in solution 
conditions. This implies that this residue also might be 
part of the possible dimer-dimer interaction surface. 
However, it can also be explained as an intradimer 
effect in which the Tyr41 residue affects the Tyr34 
residue. 
The solubility and the spectral appearance of the 
gVp mutant Tyr34-His has improved in comparison to 
the wt gVp. In line with the considerations made above 
this can be either an intradimehc or an interdimeric 
effect. The reduced stability of the Tyr34-His mutant 
cannot be explained as yet. 
The differences in solution properties could be 
explained in terms of a specific residue by virtue of the 
complete sequence-specific assignment of all aromatic 
residues. Previously, sequence-specific assignments 
of wt gVp have been obtained for all aromatic residues 
on the basis of NOESY spectra and the crystallographic 
data of wt gVp (King and Coleman, 1987). Our results 
differ from those reported earlier with respect to the 
assignments of Tyr34 and Tyr41. It is noted that the 
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assignment of Tyr41 had been corrected before on the 
basis of a mutant protein sample of which, to our 
knowledge, details never have been published (King 
and Coleman, 1988). This indeed indicates the 
necessity for unambiguous assignments which is 
difficult when only founded on a crystallographically 
determined structure. NMR studies on gVp Tyr41-His 
have also revealed that the secondary structure of the 
sequence-specifically assigned part of the molecule 
differ from the structure postulated for the same region 
on the basis of the X-ray crystallographic studies (van 
Duynhoven et al., 1990). This again emphasizes the 
potential danger of making assignments which are 
solely based on crystallographic data. 
Although the availability of aromatic mutant sam-
ples was limited to only 5 out of a total of 8 unassigned 
aromatic residues, a complete assignment has been 
made. For mutant gVp Tyr41-His of which the solubility 
sharacteristics are significantly better than those of wt 
gVp, it became possible to perform two-dimensional 
MMR measurements in H2O solution, a prerequisite for 
application of the sequence-specific resonance as-
signment approach (van Duynhoven et al., 1990). 
These measurements were very hard to perform on wt 
gVp because the aggregation was still too severe to 
obtain spectra with a sufficiently suppressed H20 
resonance and an interpretable spectral appearance. 
The sequence-specific assignments made of gVp 
ryr41-His included Phe13 which was enough to 
complete the assignment of the aromatic spectrum. 
The results of binding experiments of the spin-
abelled oligonucleotides to wt gVp and to aromatic 
Tiutant proteins are in line with results of NMR studies 
reported previously on M13 wt gVp and the gVp of the 
evolutionary related phage IKe (de Jong et al., 1987b; 
King and Coleman, 1987). From the binding 
experiments, it can be concluded that only two aro-
matic residues, namely Tyr26 and Phe73, are involved 
in the binding to oligonucleotides. These data are not 
in agreement with model building proposals of Brayer 
and McPherson (1984a) which were based on their 
reported crystal structure. In their proposals, it is 
suggested that the aromatic residues Tyr34 and Tyr41 
are also involved in binding to ssDNA. Our data and 
those previously published by King and Coleman 
(1987) clearly suggest that these residues are not 
involved in the binding to oligonucleotides. NMR 
binding studies with longer ssDNA fragments which 
may be more relevant with respect to complex 
formation under co-operative binding conditions have 
not altered that view (King and Coleman, 1988). The 
Tyr41 residue instead plays an important role in 
interdimer interactions which may be relevant to co-
operativity in binding of gVp to ssDNA which we have 
discussed above. 
Recently, a new model has been proposed for the 
complex of gVp with ssDNA (Hutchinson et al., 1990). 
In the model, Tyr26, Phe73 and Tyr34 interact with 
nucleotide bases. It had been suggested that Tyr34 
interacts with nucleic acid in the n=4 binding mode but 
not in the n=3 binding mode. Thus far, our studies with 
spin-labelled oligonucleotides indicate that, in the case 
of oligonucleotide binding, Tyr34 is neither part of nor 
close to the DNA binding domain. 
56 
CHAPTER 5 
NUCLEOTIDE SEQUENCE OF THE GENOME OF THE 
FILAMENTOUS BACTERIOPHAGE 12-2 
MODULE EVOLUTION OF THE FILAMENTOUS PHAGE GENOME 
A.P.M. STASSEN, E.F.P.M. SCHOENMAKERS, M. YU, J.G.G. SCHOENMAKERS, and 
R.N.H. KONINGS (1992) J. Mol. Evol. 34: 141-152. 
ABSTRACT 
The nucleotide sequence of the circular single-stranded genome of the filamentous 
Escherichia coli phage I2-2 has been determined and compared with those of the 
filamentous E. coli phages Ff (M13, f1 or fd) and IKe. The I2-2 DNA sequence comprises 
6744 nucleotides; 139 nucleotides less than that of the N- and 12-plasmid specific phage 
IKe, and 337 (336) nucleotides more than that of the F-plasmid specific phage Ff. 
Nucleotide sequence comparisons have indicated that I2-2, IKe and Ff have a similar 
genetic organization, and that the genomes of I2-2 and IKe are evolutionary more closely 
related than those of I2-2 and Ff. The studies have further demonstrated that the I2-2 
genome is a composite replicón, composed of only two thirds of the ancestral genome of 
IKe. Only a contiguous I2-2 DNA sequence of 4615 nucleotides encompassing not only 
the coat protein and phage assembly genes, but also the signal required for efficient 
phage morhogenesis, was found to be significantly homologous to sequences in the 
genomes of IKe and Ff. No homology was observed between the consecutive DNA 
sequence that contains the origins for viral and complementary strand replication and the 
replication genes. Although other explanations cannot be ruled out, our data strongly 
suggest that the ancestor filamentous phage genome of phages I2-2 and IKe has 
exchanged its replication module during evolution with that of another replicón, e.g. a 
Plasmid that also replicates via the so-called 'rolling circle' mechanism. 
INTRODUCTION 
A major characteristic of filamentous bacterio-
phages is that infection of their host cell occurs via 
attachment of a specific phage end, i.e. the one at 
which the coat proteins encoded by genes III and VI are 
located, to the tip of a conjugative pilus present at the 
surface of the host cell (Caro and Schnös, 1966). This 
pilus is composed of filamentous polymers of identical 
protein subunits (pilin), generally encoded by conjuga-
tive plasmids (Marvin and Folkhard, 1986). On the basis 
of their plasmid (pilus) specificity, filamentous phages 
have been subdivided into several groups which differ 
both in phage morphology and protein composition. 
The best studied filamentous phages are the IncF 
plasmid specific phage Ff (M13, f1 and fd) (for a review, 
see Model and Rüssel, 19ΘΘ) and the Incl2- and IncN-
plasmid specific phage IKe (Khatoon et al., 1972; 
Bradley era/., 1983; Peeters et al., 1985). They both 
have Escherichia coli as a host. Filamentous phages 
with other pilus- and host specificity are Pf3, a 
Pseudomonas phage, and C-2, a Salmonella phage. 
They are specific for lncP-1- and IncC-plasmids respec­
tively (Stanisich, 1974; Bradley et al., 1982). 
The filamentous E. coli phage I2-2, which has been 
isolated from Pretoria sewage, is specific for pili 
encoded by conjugative plasmids of the Incl2-, IncN-, 
and IncP-incompatibility groups (Coetzee era/., 1982; 
Bradley et al., 1983). Its serological relationship with 
phage IKeh, a host range mutant of IKe that also infects 
E. coli cells containing plasmids of the IncP incompati­
bility group, is indicative of an evolutionary relationship 
between these two phages (Grant et al., 1978; Bradley 
et al., 1983). Based upon this relationship it has been 
suggested that I2-2 is a naturally occuring host range 
mutant of IKe (Bradley et al., 1983). 
Because we are interested in the evolutionary 
relationships of filamentous phages and because 
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comparison of sequences of evolutionary related 
genes or genomes might provide important clues 
about the significance of particular nucleotide and/or 
amino acid sequences with respect to their function, 
the nucleotide sequence of the circular single-
stranded genome of 12-2 has been determined and 
compared with those of Ff and IKe. From these com-
parisons it became apparent that 12-2, IKe and Ff have a 
similar genetic organization and that the genomes of 
12-2 and IKe are evolutionary more closely related than 
those of 12-2 and Ff. The homology between the 
nucleotide sequences of the genomes of 12-2 and IKe 
or Ff is, however, only partial and restricted to the cis-
acting nucleotide sequence required for phage 
assembly and the genes coding for the coat- and 
phage assembly proteins. 
MATERIALS AND METHODS 
Bacteria, bacteriophages and plasmids 
Bacteriophage 12-2 and its host E. coli JE2571[N3] 
(/eu, thr, str, 11a, pil, [N3, reí, strep, sulf\), were kindly 
provided by Dr. D.E. Bradley, St. John's, Newfound-
land (Watanabe era/., 1964; Bradley et al., 19Θ2). For 
Dropagation of recombinant pKUN19 phagemids 
[Konings et al., 1987), E. coli JM83 (ara, à{lac-proAB), 
rpsL, φβΟ, /acZAM15) (Yanisch-Perron et al., 1985) was 
jsed. For the production of single-stranded phagemid 
DNA by recombinant pKUN19 phagemid harbouring 
sells (E. coli JM101 (supE, thi, A(lac-proAB), [F, traD36, 
oroAB, /ac/9ZAM15])), the helper phages IR1 (Enea and 
Einder, 1982), Mike (Konings et al., 1986) or МікеД 
[Konings et al., 1987) were used. The single-stranded 
jacteriophage vectors M13mp18 and M13mp19, 
which were propagated on E. coli JM101, have been 
described previously (Yanisch-Perron, 1985). 
ГаЫе 5.1 Synthetic oligonucleotides and Haelll 
ragments of I2-2 RF that have been used as 
ìucleotide sequence analysis primers for the 
riral strand of phage I2-2. 
Primer 
S'- dCCCAGCCTAATTTACGGGC -3' 
)'- dGTGAACTTTCGGTAATTG -3' 
>'- dGCGCACAGGAGAATTG -3' 
>'- dACTGTTATTGCCTGGGTA -3' 
i'- aTTAACGCTTGCAGCC -3' 
>'- dGGCAATGATAGCGTG -3' 
>'- dGACGATACGATTCTAG -3' 
>'- dGGCACAGACAGTTCC -3' 
>'- dACATCTTCCTTTGTC -3' 
i'- dCGCTATCTGGTAGTC -3' 
-/aelll fragments 
Nucleotide Positions 
in the I2-2 genome 
226- 244 
394- 411 
1070-1085 
1485-1502 
1895-1909 
3020 - 3033 
3406 - 3421 
5515-5529 
5757 - 5771 
6558 - 6572 
4490 - 4708 
4709 - 4832 
4833-5229 
5230- 91 
Enzymes and chemicals 
Restriction endonucleases were purchased from 
Boehringer-Mannheim (GER), New England Biolabs 
(Beverly, USA), and Bethesda Research Laboratories 
(Gaithersburg, USA). T4 DNA ligase, E. coli DNA 
polymerase I (Klenow fragment), and calf intestine 
alkaline phosphatase were purchased from 
Boehringer-Mannheim (GER). All enzymes were used 
according to the manufacturers instructions. 
The 2',3'-dideoxyribonucleosidetriphosphates and 
2'-deoxyribonucleosidetriphosphates were purchased 
from Pharmacia (Uppsala, Sweden) and Boehringer-
Mannheim (GER), respectively. a-32p-labelled deoxy-
adenosine triphosphate and o>35S-labelled thio-deoxy-
adenosine triphosphate were obtained from Amersham 
(Buckinghamshire, UK). 
The oligonucleotides, used for nucleotide se-
quence analysis of the viral strand, are listed in Table 
5.1. They were synthesized either by a Cyclone Plus 
DNA Synthesizer (MilliGen/ Biosearch) or by an Applied 
Biosystems DNA Synthesizer. 
12-2 replicative form DNA and single-stranded 
DNA 
Replicative form DNA (RF) was isolated from 12-2 
infected E. coli JE2571[N3] cells, using the alkaline 
lysis method of Birnboim and Doly (1979) as described 
previously by Konings et al. (1987). The procedures for 
the preparation of a high-titer I2-2 phage stock and the 
isolation of viral single-stranded DNA, have been 
described previously (Konings et al., 1987). 
Cloning of I2-2 DNA and nucleotide 
sequence analysis 
Basic DNA manipulations, which will not be 
elaborated here, were mainly performed according to 
Sambrook et al. (1989). 
A library of the I2-2 genome was constructed by 
random cloning of Haelll restriction fragments of I2-2 RF 
in the Smal site of either pKUN19, M13mp18 or 
M13mp19. After digestion with Sau3A\, the Haelll 
restriction fragments were subcloned in the SamHI 
restriction site of pKUN19. 
The nucleotide sequence of the cloned Haelll and 
Sat/ЗАІ fragments was determined by the chain 
termination method developed by Sanger et al. (1977). 
For the analyses also the single-stranded I2-2 genome 
was used as a template. As sequencing primers 
synthetic oligonucleotides and Haelll fragments of I2-2 
RF (Table 5.1) were used. To prevent band compres­
sion the dGTP analog 7-deaza-dGTP, instead of dGTP, 
was used. 
The nucleotide sequence was analysed by com­
puter programmes developed by Staden (1980, 1982) 
and Wilbur and Lipman (1983), and the computer 
programme package IntelliGenetics Suite (release 
5.37) of IntelliGenetics, Inc. (California, USA). To search 
for similar nucleotide sequences, the EMBL (release 
23) and Genbank (release 60) Nucleic Acid Databases 
were scanned. The sequence data are stored in the 
EMBL, Genbank and DDBJ Nucleotide Sequence 
Databases under the accession number X14336. 
To estimate the evolutionary relationship between 
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Figure 5.1 Positions of Individual gel readings In the final nucleotide sequence of the I2-2 genome. 
rhe axis represents the nucleotide map of the I2-2 genome, starting at the unique H/ndlll recognition site, numbered in the 5'-3' 
jirection of the viral strand. Arrows pointing to the right and left refer to nucleotide sequences established for the viral and 
;omplementary strand, respectively. The length of the sequence derived is represented by the length of the arrow. Nucleotide 
sequences indicated by —> or <— are obtained from cloned DNA, while those indicated by <--x and <-o are obtained from 
lucleotide analysis of viral DNA primed with synthetic oligonucleotides or Waelll restriction fragments, respectively. The linear 
genetic map of the 12-2 genome is given in the lower portion of the diagram. Genes are denoted by Roman numerals; IR refers to 
he major intergenic region in which the origins for viral and complementary strand synthesis and the signal required for efficient 
jhage assembly are located. 
he homologous genes (I, III, IV, VI, VII, VIM and IX) of 
2-2, IKe (Peeters et al., 1985) and Ff (van Wezenbeek 
stal., 1980), the extent of synonymous (Ks = synony­
mous substitutions/synonymous sites) and non-
synonymous amino acid substitutions (Ka = amino acid 
substitutions/amino acid sites) was calculated accord-
ng to Miyata and Yasunaga (1980) and corrected for 
jack mutations by the method of Jukes and Cantor 
1969). Triplet insertions/deletions were excluded from 
he comparisons. The Ks and Kas calculated are thus 
werestimates. 
RESULTS AND DISCUSSION 
nucleotide sequence of 12-2 DNA 
The sequence analysis of the 12-2 genome was 
nitiated by sequencing of 12-2 Haell l fragments 
andomly cloned into phagemid pKUN19. Because 
hree Haelll fragments were longer than 1000 base-
jairs, and due to subcloning difficulties, several gaps 
emained. These gaps were filled in by using the viral 
jenome as a template with synthetic oligonucleotides 
)г purified Hae\\\ fragments as sequencing primers (vide 
iupra). Furthermore, the nucleotide sequence of 
ieveral Sau3AI subclones of Haelll fragments was 
letermined. The sequencing strategy followed is 
jutlined in Figure 5.1. 
The majority of the I2-2 sequence was established 
ма sequence analysis of both the viral and comple-
nentary strand. On the average each nucleotide is 
¡upported by at least three separate gel readings. We 
herefore feel confident that the nucleotide sequence 
is presented in Figure 5.2 is correct. As nucleotide 
lumber 1 we have chosen the first nucleotide (A) of 
he unique /-//ndlll restriction endonuclease cleavage 
¡ite. The circular single-stranded genome of I2-2 is 
Ì744 nucleotides long. This is 139 nucleotides less 
than that of IKe (Peeters er al., 1985), and 337 (336) 
nucleotides more than that of Ff (Beck et al., 1978; van 
Wezenbeek étal., 1980; Beck and Zink, 1981; Hill and 
Petersen, 1982). 
Gene identification 
The five coat protein genes (i.e. genes III, VI, VII, 
Vili and IX), as well as the two phage assembly genes (I 
and IV) and the phage morphogenetic signal located 
immediately distal to gene IV, have been identified by 
alligning of the I2-2 sequence with that of phage IKe. 
The respective gene products are not only highly 
homologous but also of similar lengths (Figure 5.2). 
Although no significant homology was observed 
between the open reading frames II, X, and V of I2-2 
and the DNA replication genes II, X, and V of IKe, as 
demonstrated here, we feel confident to conclude that 
the proteins encoded by these open reading frames 
fulfil an identical function in the DNA replication 
process. This conclusion is partly based on the obser-
vation that the biochemical and physical properties 
(DNA binding properties, amino acid composition and 
molecular weight) of the I2-2 encoded single-stranded 
DNA binding protein are in accordance with those of 
the protein encoded by open reading frame V (data not 
shown). Furthermore genetic and biochemical studies 
have unambiguously demonstrated that the filamen-
tous phage genome codes for three different func-
tions that are indispensable for the phage (DNA) 
replication process. One of these functions is encoded 
by gene II and indispensable for initiation and termina-
tion of viral strand replication. The second function is 
encoded by gene X, a gene that completely overlaps 
with the 3' terminal region of gene II, and is somehow 
involved in the regulation of the synthesis of the 
complementary strand. The third function is the single-
stranded DNA binding protein encoded by gene V 
that, at a late stage of the infection cycle, is indispen-
K L H H F P O V G R Y A K Q C R V N R I A D K P T L E D L E A I G R G N L S Y D 
AAGCTTCATCATTTCCCGCAGCTAGGCAGATATGCAAAACAAT6TCGTGTTATGCGCATTGCAGACAAGCCCACTTTAGAGGATTTAGAGGCCATTGGTCGCGGCAATCTTTCTTATGAT 
10 20 3 0 4 0 SO 60 70 80 90 100 110 120 
E S K N G L I V L D E C G T W F N S R N U S D K S R O P V I D U F L H A R K L G 
GMTCAAAAAACGGCCTTATTGTTTTAGATGAGTGTGGCACGTGGTTTAATTCCC6CAACTGGAGTGATAAAAGTCGCCAGCCTGTTATAGACTGGTTTTTACATGCCCGTAAATTAGGC 
130 H O 150 160 170 180 190 200 210 220 230 240 
U О V I F I l O O I S L M D K Q A R E A L A E H V V T C R R L O K L N I P I I G 
TGGGATGTAATTTTTATTATTCAGGATATTTCCCTGATGGATAAGCAGGCACGCGAGGCTTTAGCCGAACATGTTGTTTATTGCCGTCGATTAGATAAATTAAATATACCTATCATTGGT 
250 260 270 280 290 300 310 320 330 340 350 360 
G I I S V L S G G R L P L P K V H F G I V K Y G D K P O S I T V D I C W I Y T G T 
GGTTTAATTTCGGTTCTTTCAGGTGGTAGATTGCCATTACCGAAAGTTCACTTTGGTATTGTTAAATATGGTGATAATCCTCAGTCATTAACTGTAGATAAATGGATTTATACTGGTACA 
370 380 390 4 0 0 410 420 430 440 450 460 470 480 
D I Y A A Y D T K Q I F T S D R E L S P P F C P V S P Y Y T H G I F A V K R D A 
GATTTATATGCTGCTTACGATACTAAGCAGATATTTACCAGTGACCGTGAATTAAGCCCGCCATTCTGCCCCGTTTCGCCTTATTACACTCATGGCATATTTGCCGTTAAAAGGGATGCT 
490 500 510 520 530 540 550 560 570 580 590 600 
K Y Y N R M T K t Y F I C K N N R V U L N A S F L A L G A G V G F F Y K S R Q l N 
AAATATTATATGCGTATGACAAAAATCTATTTTAAGAAGATGAATCGTGTTTGGTTAATGGCTTCCTTTCTTGCTCTTGGTGCTGGCGTAGGGTTTTTTTATAAATCTCGCCAGATAAAT 
610 620 6 3 0 640 650 660 670 680 690 700 710 720 
E Q L S N H P V A S A O A N T T K T D H T I D E L P R L S I N S F A O H G Y D V 
GAGCAACTATCAAATATGCCTGTAGCGTCTGCTCAGGCTAATACCACTAAAACAGATCACACCATTGATGAATTGCCACGATTATCGATCAACTCATTTGCACAAATGGGTTATGATGTA 
730 740 750 760 770 780 790 800 810 820 830 840 
• * * * * * * * · · * « · · * · * * * * * · · * * · 
N V S F K D A K G K I Y Y S F D L M K S G Y A L D 1 K D S C H I T L R K R N Y I 
AATGTAAGTTTTAAAGATGCAAAGGGAAAAATCTATTACTCATTTGATTTAATGAAATCTGGTTATGCCTTAGATATTAAAGATTCCTGTCATATTACATTGCGTAAACGAAACTACATT 
850 B60 870 880 890 900 910 920 930 940 950 960 
Q Q V T C E G * | H K T F F A K F ! V A L F A F T Y F S A F A E P V T L N N S P 
CAGCAAGTTACTTGTGAAGGCTAATTATGAAAACTTTTTTTGCTAAATTCATCGTCGCTTTATTTGCTTTTACTTATTTCTCTGCATTCGCGGAGCCTGTTACTTTAAACAATTCTCCTG 
970 980 I I 990 1000 1010 1020 1030 1040 1050 1060 1070 1080 
V R S F V U U Y S S K T G K S V I V N P D V K G N I T V F N A D V N N A N I D D 
TGCGCTCATTCGTTCAATGGTATTUTCCAAAACAGGAAAATCAGTTATTGTTAACCCTGATGTTAAGGGGAATATCACCGTATTTAATGCTGATGTTAACAACGCAAATATTGATGACT 
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 
· · * * * · · · · · · · · · * · · · * · * · · · * 
F F K S V L N A N G L V V V A G N P A V V S T P L T K L A S Q P S N E E T Y D D 
TTTTTAAGTCTGTCCTTAATGCTAACGGCCTTGTAGTTGTCGCTGGTAATCCTGCCGTTGTTTCCACACCTTTAACTAAGCTCGCGTCGCAGCCGTCAAATGAAGAAACCTATGATGATG 
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320 
• * * · * · · · · · · · · · · * * * · * · * » » · * 
E S O G V A Y E A V P O S A A P A V P A D L T V R N F N V T R V R S S D V L P L 
AAAGTGACGGCGTAGCGTATGAGGCAGTACCGCAGTCGGCTGCGCCTGCTGTACCTGCCGATCTCACGGTACGTAATTTCAACGTGACGCGCGTTCGTTCTTCTGACGTTCTGCCGCTGG 
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440 
A K I F V D S N G G G N V V D Y P G N N S L V V S G S A Q V M P A L S D F I T S 
CTAAGATTTTCGTTGATTCAAATGGCGGCGGTAATGTCGTCGATTACCCAGGCAATAACAGTCTTGTTGTTTCCGGCTCAGCTCAGGTTATGCCTGCTTTATCCGATTTCATTACGTCAA 
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560 
I D V A R E O V L I O S L M F E T S V S H G V D L S F A L A L A S G G I C V A G G 
TTGATGTTGCCCGCGAACAGGTTCTGATTCAGTCCCTGATGTTTGAAACCAGTGTTTCTAATGGCGTGGATCTTTCTTTTGCGCTGGCTCTAGCTTCTGGCGGTAAAGTTGCAGGCGGTT 
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680 
F N T S A L G T A L S T A G G S F G I F N G N t L A L S L O A V Q S D S N S K V 
TTAATACCTUGCTCTCGGCACTGCTCTTTCTACTGCTGGCGGTAGCTTCGGTATCTTTAACGGTAACATTCTGGCGITATCTCTCCAGGCTGTTCAGAGTGATTCTAACTCTAAGGTTA 
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800 
:lgure 5.2 Nucleotide sequence of the single-stranded genome of the N/12/P-specific filamentous £. 
soil phage 12-2. 
numbering is in the 5'-3' direction of the viral strand and begins at the first nucleotide of the unique H/ndlll recognition site. The 
jenes I to X are boxed and the amino acid sequences of their encoded proteins are shown. For clarity gene VII is boxed with a 
jroken line. The amino acid residues that have an identical position in the corresponding gene products of 12-2 and IKe are 
ndicated by asterisks. Termination codons are denoted by asterisks above the nucleotide sequence. IR refers to the major 
ntergenic region in which the origins for viral and complementary strand synthesis and the signal required for efficient phage 
assembly are located. 
Nucleotide sequence of the genome of bacteriophage 12-2 61 
O T I E R R D V G V S I K V T P V V H G N G Q L V L T I O T K A O S L S N O A I 
AGACAATCGAGCGCCGCGACGTAGGCGTATCACTAAAGGTAACGCCGGTTGTTATGGGAAATGGTCAGTTAGTTCTCACCATCGATACTAAAGCCGACTCTCTCAGCAATCAGCCGATTG 
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 
» * · · * * * · * · · · · · · · · · » · · · · · · · · · · · · · · 
A S D I I T N O R Q I Q T T V O I K D G O T L L L G G L I S S H Q F D S D R S V 
CCTCTGACATCATTACCAATCAGCGCCAGATACAAACCACCGTTCAGATTAAAGACGGTCAGACCCTGCTTTTAGGCGGCCTGATTAGCTCTAACCAGTTCGACAGCGATCGTTCTGTGC 
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160 
P F M S K I P L I G U L F R S H S D S K D D R T M F V L L T A H V I R A L * | 
CTTTTATGTCGAAGATTCCTTTAATCGGCTGGCTTTTCCGCAGCCATTCAGACTCGAAAGATGATCGCACTATGTTCGTTTTGCTTACTGCTCACGTTATCAGGGCGCTTTGAGGGTGCG 
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280 
GGGTAGGTGCGTTAGCCCTGCCCCGTATCCTCACAGCGTCCCCTGACCCGTATCATTCGCTTATCGCCGTATGTGCTTCCCTGTCTTGTCCCTAAGGCTACGTATTGCCTCCCCGTTTAA 
2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400 
ATCGTCAAGCTATAAATCGTGGGGGCCCCATCGCCCTGTTAAGCTGCCTTTTTTCCTGCGATCCTCCCGCCTCTCTGTTGTCTGACGGTCGCAGACGAACAGGACGTTACAGCCATTGTT 
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520 
TTTCGTTCTGCTGGCTTCTTTTTTTGGGGGGTGTACTCTTGTTGCAAAATCGCAACGCAGCGGGGGTTAAATCATGCTGCACGAAAGTCTCACTTTCGGGATTTTGGTTTTTGGATTTCT 
2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640 
GCTGCGGAGTCAGGCGGGGCGGGGTGAACGTGCAGTGTATGTAATACTGCAACGTTTGTCTCAATCTGATACCTCTCTACTAAACGCCTCCTTTCTTTTTAAGCTCTTTAATCATTTTCT 
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760 
TTTCTGCTAATTCTGTATAGTTTTCAATGACATAGTTTAAGTGAATCTGTCCATGTGACCTGTACGCCCGTACTTGTACTAATCCTGATCGCAGTATCACTCAGGTTTTTCTTTTTCTCG 
2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880 
GTGGTGATACTGGCTGTTGTCCTAACTGGTTTTTTCATTTTATGCCTTTGAAAAATATAAAGTTTCTACCGAAAATAGGTTTTTAAGCGTAATCTTATTGTCAATAGATGTAAAAATTTT 
2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000 
M I D W V T A V L P 
TGTTGCGUCGTTATTTTTCACGCTATCATGCCTGCATTGGATTTCATCTTGATACGTGTATACACGTATACATCACTAAGGGAATGCGTATGATTGATTGGGTTACAGCCGTCTTGCCT 
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120 
1 
C L N V P V D A G R V L S V A P D G S V E W E S V K F S R V T G S F Q S S I S V 
TGTCTGCATGTGCCTGTTGATGCTGGTCGCGTCCTCTCTGTTGCGCCGGATGGCTCTGTAGAATGGGAATCAGTAAAGTTTTCCCGCGTTACTGGCTCCTTTCAAAGCTCCATCAGTGTA 
3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240 
ftSQGSDGNGKATHLYVDGNPSKULQGHNIVGSDDlNGlMI 
CGTTCGCAGGGTTCTGACGGTAATGGGAAAGCCACTCATTTATACGTTGATGGTAACCCGTCAAAGTGGTTGCAGGGTCATAATATCGTTGGAAGCGACGATCTCAACGGCCTTATGATT 
3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360 
A F Y A R M L S L L M I P H H L E S Y R O V L S G O Y E L K R V D I M Y M F E L 
GCTTTTTACGCTCGTATGTTGTCACTACTCAATATACCTCACCATCTACAATCGTATCGTCAGGTGCTTTCTGGTCAGTACGAGCTAAAGCGCGTTGACATTAACTACATGTTTGAGCTT 
3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480 
P T L I D V R S W L H A A E F K A K T R H G R P A T A K G T L Y F G K N S R R W 
CCTACGCTCATTGATGTACGGTCATGGTTACATGCTGCTGAGTTCAAGGCTAAGACTCGTCACGGGCGCCCGGCAACTGCAAAGGGCACTCTGTACTTTGGTAAAAATTCTCGCCGTTGG 
3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600 
Figure 5.2 Continued 
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S l K A T S K T D E V N C G K K A H G V P E E t K K T G L V E W S K N K L R L E 
TCTATTAAGGCTTACAGCAAATATGATGAAGTAAATTGCGGGAAAAAAGCTCATGGCGTTCCCGAAGAAATTAAIWAAAC^ 
3610 3620 1630 3640 36S0 3660 3670 3680 3690 3700 3710 3720 
L T L R A L Q L T D I N L N F A K N U S T E T A Y T V F I C E Y N G R I E I H S G N 
TTAACATTACGCI»kTTGCAGCTTACTGATATTAATTTAUCTTT(KTAAAAACTGGTCTACTGAAACTGCATATACTGTTTTTAMGAATATATGGGGCGTATCGAAATGAGCGGAAAT 
3730 3740 37S0 3760 3770 3780 3790 3800 3810 3820 3830 3840 
T L L T D T O V I M L P S A L R N T Y V C W I C Q G I C V T O H V S R A T T F R H 
ACTTTACTTACTGATACTCAAGTTATTAATTTACCGTCTGCGCTACGTATGACTTATGTGTGCTGGAAACAGGGCATTTGTGTAACAGATATGGTATCTCGCGCCACTTATTTTCGTCAC 
3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950* 3960 
R K V L K E F G I D I A V T V D R V D N S N V V P L I R V L E A K P A S I P S Q 
CGCAAGGTTTTAAAAGAATTTGGTATTGATATTGCTGTTACTGTTGATCGTGTTGATAATAGCAACGTTGTTCCGTTAATCCGTGTCTTAGAGGCTAAACCTGCTTCTATTCCTTCTCAA 
3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080 
Y D N L I F S S N R V S S F * I | M H S G I L I R G R I L G S R T A N R D N N 
TATGATAATTTAATATTTTCATCTAATCGTGTATCAAGTTTCTAAGGGGTTTTAAATGCACTCAGGTATTCTTATTCGTGGTCGTATTCTCGGTTCTCGCACTGCAAACCGTGATAATAA 
4090 4100 4110 4120 | 4130 14140 4150 4160 4170 4180 4190 4200 
S P Q H I L G V G I Q K A D G F G G T T Q D V E Q V K I P D Q L V Q S G V V N G 
TTCGCCGCAACATATTTTAGGCGTTGGCATTCAGAAAGCTGACGGTTTTGGCGGTACGACTCAGGATGTTGAGCAGGTTAAAATTCCTGACCAGCTTGTGCAAAGCGGCGTTGTTAATCA 
4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320 
I H S L I G K L C E V P I N V R S U S H N G K N G T S Y T L S F E S G I Q E I E 
GATTAATTCGCTTATTGGCAAACTTTGCGAAGTACCGATTAATGTTCGTTCTTGGTCTATGAACGGCAAAAACGGCACTTCTTACACTCTGTCTTTTGAGTCCGGTATTCAGGAGATTGA 
4330 4340 4350 4360 4370 4380 4390 WOO 4410 4420 4430 4440 
E L I Y V R 
r* - · - · • 
I N S D 
GENE V I I 
L I H V V I A L G L V I S F G L G A I T A G V L R 
M I D Y V G L F 
•ι 
AGAGCTGATTTATGTCAGATGAACTAATTCACGTAGTAATAGCTCTCGGCCTCGTTATTTCCTTCGGTTTGGGTGCTATTACTGCTGGGGTACTCCGATGATTGACTATGTTGGTTTATT 
4450 ! 4460 I 4470 4480 4490 4500 4510 4520 4530 4540 ¡ 4550 4560 
I G A Y I H G F A L F Y G I G F F K S I A E R I V * | I H S V I T K V A A 
CATTGGCGCTTATATAATGGGCTTCGCCCTTTTCTATGGCATAGGATTCTTTAAATCCATTGCTGAACGCATCGTTTAATTAAGGAATACACATGAGCGTTATTACTAAAGTTGCTGCTG 
4570 4580 4590 4600 4610 4620 4630 4640 4650 I 4660 4670 4680 
A K N K I V V G A G L L M A S A G A F A A D D G T S T A T S Y A T E A N N S L K 
CTAAAAACAAAATCGTTGTTGGTGCTGGCCTGCTGATGGCTTCTGCTGGCGCGTTCGCTGCTGATGACGGTACTTCTACCGCTACCAGCTACGCTACTGAAGCAATGAACAGCCTGAAAA 
4690 4700 4710 4720 4730 4740 4750 4760 4770 4760 4790 4800 
T Q A T D L t D Q T U P V V T S V A V A G L A t R L F K K F S S K A V 
CTCAGGCAACTGATCTCATTGATCAGACGTGGCCTGTTGTAACTAGCGTTGCCGTTGCTGGTCTGGCAATTCGTCTTTTCAAGAAATTCTCTTCTAAAGCTGTTTAATATTCAGCGTTTT 
4810 4820 4830 4840 4850 4860 4870 4880 4890 4900 4910 4920 
-J 
4930 4940 4950 4960 4970 
V K R K 1 I A I S L F L Y I P L S N A D N W 
4980 4990 5000 5010 5020 5030 5040 
C M D A K A S A O D V F M O H K L T F S G I H P D S Q F R L V T G D T C V Y M G 
TGTAATGATGCTAAAGCCTCCGCGCAAGATGTTTTTAATCAAATGAAGCTAACATTTTCTGGTATATGGCCTGATTCTCAGTTTCGCCTTGTAACTGGTGATACCTGCGTTTATAACGGT 
5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280 
"igure 5.2 Continued 
sable for the sequestering of the newly synthesised 
riral strand from the DNA replication cycle. Because the 
)nly DNA region that is left in the 12-2 genome that 
night code for these proteins is located between the 
najor intergenic region and gene VII (Figure 5.3), and 
on the basis of the strong resemblance with the 
genetic organization of IKe and Ff, we conclude that 
the open reading frames indicated code for these 
indispensable DNA replication functions. As in the 
phages IKe and Ff, in 12-2 the 3' terminal part of gene II 
Nucleotide sequence of the genome of bacteriophage 12-2 63 
S P S E K T E S U S I R A Q V E G D H Q R S V P D E E P S E Q T P E E I C E A K 
TCGCCTAGTGAAAAAACTGAAAGTTGGTCTATTCGCGCTCAGGTTGAGGGTGATATGCAACGTTCTGTACCAGATGAAGMCCTTCTG« 
5290 5300 SUO 5320 5330 5340 5350 5360 5370 5380 5390 5400 
P P I D G V F N N V S K G D E G G F T I N T N G C E T E A T G V T V C Q N D G T 
CCTCCTATTGATGGCGTCTTTAATAACGTCTCTAAGGGTGACGAAGGAGGCTTTTATATTAATTATAATGGCTGCGAATATGAGGCAACTGGCGTCACTGTTTGCCAGAATGATGGAACT 
5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520 
V C A S S A U K P T G T V P E S G E S S S S P V K D G D T G G T G E G G S D T G 
GTCTGTGCCTCCTCCGCTTGGAAGCCAACTGGTTACGTTCCCGAATCTGGAGAATCTTCCTCCTCTCCTGTGAAAGATGGTGACACTGGCGGTACTGGTGAAGGTGGTTCTGATACTGGC 
5530 5540 5550 5560 5570 5580 5590 5600 5610 5620 5630 5640 
G D T G G G D T G G G S T G G D T G G S T G G G S T G G G S T G G S T G K S L T 
GGTGATACTGGTGGCGGTGATACTGGTGGTGGTTCTACTGGCGGCGATACTGGCGGTTCTACTGGTGGCGGTTCTACTGGTGGCGGTTCTACTGGTGGATCAACTGGTAAATCACTGACA 
5650 5660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5760 
K E D V T A A I H D A S P S I G D A V K D S L T E D N D Q N D N Q K K A D E Q S 
AAGGAAGATGTAACCGCAGUATACATGATGCTTCCCCTTCTATTGGTGATGCTGTTAAACMTTCCCTTACAGAAGATAATGACCAGAACGACAATCAGAAGAAAGCAGATGAACAATCA 
5770 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 5880 
A K A S A S V S D A l S D G H R G V G N F V D D L G G E S S O r C I G N S E H D 
GCTAAAGCCTCTGCTTCTGTATCTGATGCTATCTCTGATGGTATGCGTGGCGTTGGTAATTTCGTTGACGATCTTGGCGGTGAGTCGTCGCAATACGGAATCGGTAATTCTGAAATGGAT 
5890 5900 5910 5920 5930 5940 5950 5960 5970 5980 5990 6000 
L S V S L A K G Q I G I D L E G K G S A U E S F L N D G A L R P S I P S G K G C 
CTCTCCGTTAGCCTGGCTAAAGGGCAACTTGGAATTGATCTTGAAGGTCATGGTTCAGCTTGGGAATCCTTTTTAAATGACGGTGCTTTACGTCCCTCCATTCCTTCTGGTCATGGCTGT 
6010 6020 6030 6040 6050 6060 6070 6080 6090 6100 6110 6120 
T D F V N F Q G S V T Q L D I G C D K L G D t K S V L S U V N Y C L T F U T V F 
ACTGATTTTGTCATGTTTCAGGGTTCTGTTTATCAGCTTGATATTGGCTGCGATAAATTAGGCGATATTAAGTCTGTATTATCTTGGGTTATGTATTGCCTTACCTTCTGGTATGTATTC 
6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 6230 6240 
f; Q S A T S L L R K G E Q A L L G I P A L I R F I M G L V P L A I G Y F A K 
CAGTCTGCTACTTCATTACTTCGTAAAGGTGAACAATAATGCCAGCTTTATTAGGTATTCCGGCTTTAATTCGTTTCATAATGGGGCTTGTGCCTCTTGCTATTGGTTATTTTGCTAAGT 
6250 6260 6270 6280 6290 6300 6310 6320 6330 6340 6350 6360 
F L G K I I T R N G L M A A A L I G A I L S F V T F A I Q L L G D A L S S A H G 
TCTTAGGCAAAATTATTACCCGTAATGGCTTGATGGCTGCTGCCTTGATTGGTGCGATCCTTTCATTTGTCACCTTTGCAATTCAGCTTTTAGGCGATGCTTTATCTTCTGCAATGGGCG 
6370 6380 6390 6400 6410 6420 6430 6440 6450 6460 6470 6480 
G H P A D F G N L N S S V L P D G T T T C I T V I I D Y Q I A V F V F D I K D R 
GAATGCCTGCTGATTTTGGAAATTTAATGTCCTCTGTATTACCTGATGGTACAACAACTTGTATTACAGTAATTATAGACTACCAGATAGCGGTCTTTGTTTTCGATATTAAAGATCGCT 
6490 6500 6510 6520 6530 6540 6550 6560 6570 6580 6590 6600 
L L G I A N K V I * | N A V Y V V T G K L G A G K T L V A V S R I Q R T L A K G G 
TACTCGGCATTGCCAATAAGGTAATTTGATATGGCTGTTTATGTTGTTACCGGAAAATTAGGCGCAGGCAAGACGCTTGTAGCTGTATCGCGTATACAAAGGACTTTAGCTAMGGTGGT 
6610 6620 6630І 6640 6650 6660 6670 6680 6690 6700 6710 6720 
I V Α Τ N L N L 
ATTGTTGCCACCAATCTAAATTTA 
6730 6740 
Figure 5.2 Continued 
Dverlaps gene X completely. The proposed genetic 
srganization is further substantiated by the observation 
:hat all initiation codons of the proposed genes and/or 
эреп reading frames are preceded by a sequence that 
s significantly homologous to the consensus se­
quence for ribosome binding (Table 5.2) (Shine and 
Dalgarno, 1974). All I2-2 genes start with an. ATG 
;odon, except gene III which starts with the codon 
3TG. Similar observations have been made during our 
studies of the genomes of Ff and IKe (van Wezenbeek 
et al., 1980; Peeters étal., 1985). 
Genetic organization 
The genetic maps of the genomes of I2-2, IKe and 
Ff (M13) are depicted in Figure 5.3 (van Wezenbeek et 
al., 1980; Peeters étal., 1985). The three genomes 
consist of an equal number of genes, which are 
arranged in an identical order {vide supra). Comparison 
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5000 
1000 
5000 
Figure 5.3 Comparison of the circular genetic 
maps of the genomes of the filamentous phages 
12-2, !Ke and Ff (M13). 
Genes are indicated by Roman numerals. IR refers to the 
major Intergenic region located between genes IV and II, in 
which both the origins for viral and complementary strand 
synthesis and the c/s-acting element required for efficient 
phage assembly are located. 
of the genomes of I2-2 and Ff reveals that, with the 
exception of genes II and VII, all I2-2 genes are larger 
than their Ff counterparts. The larger length of I2-2 
compared with Ff is mainly the result of length 
differences between their respective major intergenic 
regions (Figure 5.3). 
Apart from the major intergenic region that is 
located between genes IV and II, a much smaller one is 
located between genes VIII and III. It contains a p-
independent transcription termination signal, identical 
in sequence to that of IKe and very similar to that of 
M13 (Figure 5.4) (van Wezenbeek et al., 1980; Peeters 
et al., 1985). In Ff and IKe the DNA region encom­
passing genes II through Vili is expressed in a nested 
set of mRNAs whose synthesis is initiated at different 
promoters but terminated at the afore mentioned p-
independent transcription termination signal (Edens et 
al., 1978). Because in the DNA region of I2-2 encom­
passing the major intergenic region and genes II to VIII, 
multiple nucleotide sequences are found which 
resemble the consensus sequence of E. coll 
promoters and which have an almost identical map 
position as the promoters found in IKe and Ff (data not 
shown), we suggest that this part of the I2-2 genome is 
expressed via a similar transcription mechanism. 
Besides the complete overlap of gene X with the 3' 
terminal region of gene II, in I2-2 the reading frames of 
genes V and VII, VII and IX, and of III and VI overlap each 
1000 
3000 
Table 5.2 Shine-Dalgarno sequences for the 
assigned and proposed genes of the 12-2 
genome. 
Nucleotides that are complementary to the З'-terrninal end of 
16S ribosomal RNA are underlined (Shine and Dalgarno, 
1974). Initiation codons are indicated in bold. 
16SRNA 
gene I 
gene II 
gene III 
gene IV 
gene V 
gene VI 
gene VII 
gene VIII 
gene IX 
geneX 
3'OH-AUUCCUCCACUAG 
CAATAAQGJAÄTTTGAT.ATG 
TAAiiG_GAAIG.CGT.ATG 
TAAGGTGTAATT.GTG 
IGTGAASG.CTAATT.ATG 
TAAGJaGQTTTTAA.ATG 
CGTAAAIàGTÊAAÇAATA.ATG 
TGAAGAGCTGATTT.ATG 
TAAGGAATACAC.ATG 
TGCTSGGiàlACICCG.ATG 
TATGGGGCGTATCGAA.ATG 
Nucleotide sequence of the genome of bacteriophage 12-2 65 
Dther with a few nucleotides. A similar compact genetic 
Drganization has found to be present in the genomes 
Df IKe (Peeters et al., 1985) and Ff (van Wezenbeek et 
al., 1980), but with the exception that in Ff genes IX 
and VIII and genes I and IV overlap, rather than genes V 
and VII and genes III and VI (Figures 5.2 and 5.3). 
Intergenic region 
The major intergenic region (IR; 508 nucleotides) 
Df phage Ff is a non-coding sequence that encom-
Dasses all c/s-acting elements required for phage 
assembly and DNA replication (Zinder and Horiuchi, 
1985). As one moves from the 5' to the 3' end, there 
are five consecutive regions (designated A through E) 
Df dyad symmetry capable of forming stable stem-loop 
structures, followed by a AT-rich sequence without 
»elf-complementarity and that fulfils an enhancer func-
ión in the DNA replication process (Cleary and Ray, 
1980; 1981; Dotto et al., 1981; 1982). Region A func-
ione both as a p-dependent transcription termination 
signal (Moses and Model, 1984; Smits et al., 1984) and 
ÍS a morphogenetic signal for the proper packaging of 
he viral strand into filamentous particles (Dotto and 
linder, 1983). Regions В and С function as origin for 
he synthesis of the complementary viral strand 
[Schaller et al., 1976; Gray et al., 1978), while the 'rabbit 
jars structure' consisting of regions D and E fulfils an 
ndispensable role in the initiation and termination 
Drocesses of viral strand replication (Meyer et al., 
1979). 
The major intergenic region of the genome of IKe is 
738 nucleotides long. Similar to Ff this intergenic 
•egion consists of five regions with dyad symmetry, 
which are homologous to those found in the intergenic 
egion of Ff (Peeters et al., 1985). The homology does 
not hold however for the major intergenic region of 
2-2, although in this region of 817 nucleotides also five 
stretches with dyad symmetry are located and which 
esemble in number, relative position and structure 
hose found in the intergenic regions of IKe and Ff 
Figure 5.5). Only stretch A has a homologous counter-
jart in the genomes of Ff and IKe (Figure 5.5B). Since 
he phage encoded proteins that 'cross-talk' with this 
»equence (i.e. the coat proteins and probably also the 
)hage assembly proteins encoded by genes I and IV), 
ire highly conserved we propose that this sequence 
unctions in I2-2 also as a phage morphogenesis signal, 
rhe observation that the secondary structure charac-
eristics of the intergenic regions of I2-2, IKe and Ff are 
fery much alike, highly favours the hypothesis that, 
iespite the lack of homology, in I2-2 the DNA stretches 
)f dyad symmetry have an identical function in the 
jhage replication cycle as they have in the phages Ff 
ind IKe. 
Evolution of the filamentous phage genome 
Based upon the data presented it is unquestion-
ible that the bacteriophages I2-2, IKe and Ff are 
ivolutionarily related. Their genetic organization is 
ilmost identical and genes I, III, IV, VI, VII, Vili and IX, of 
2-2 and IKe, are highly homologous. Furthermore 
here are no significant differences in codon usage and 
it the third codon position there is a strong preference 
Α τ 
τ τ 
C»G 
G»C 
C«G 
G«C 
G»C 
G«C 
G«T 
Ala Val * Α·Τ 
GENE Vili --- GCT GTT TAA TATTCAGCGTTTTCA«TTTTTTT - 3' 
4920 
12-2 
Α Τ 
Τ Τ 
O G 
GtC 
C»G 
G*C 
G«C 
G»C 
G»T 
Ala Val * Α·Τ 
GENE Vili --- GCT GTT TAA TTTTCAGCGTTATTTA'TTTTTT - 3' 
2020 
IKe 
•τ τ 
τ τ 
C«G 
К'й* 
*Τ·Α* 
*C«G* 
G«C 
G.C 
*Α·Τ* 
Ala Ser * Α·Τ 
GENE V I H --- GCA AGC TGA TAAACCGATACAATTA»TTTTTTT - 3' 
1530 
M13 
Figure 5.4 Nucleotide sequences and presumed 
secondary structures of the p-lndependent tran­
scription termination signals of phages I2-2, IKe 
and Ff (M13), that are located in the Intergenic 
region between genes VIII and III. 
Nucleotides in the Ff sequence, encompassing the region of 
dyad symmetry, that are different from those in I2-2 and IKe 
are indicated with asterisks. 
for a Τ (46%). The evolutionary relationship between 
filamentous phages can be estimated by comparing the 
extent of nucleotide sequence similarity of genes I, III, 
IV, VI, VII, VIM and IX of I2-2, IKe and Ff (M13) 
respectively. The extent of synonymous and non-
synonymous amino acid substitutions between the 
various genes was estimated according to Miyata and 
Yasunaga (1980) (Table 5.3). In virtually all comparisons 
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Α·Τ 
Τ·β 
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2260 23ЭО 
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ε·τ 
6»C 
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CTGCACGA.TC«6CTGCGGAGTCAGGCGGGGCG.CAATCTGAT - 3 ' 
2600 Α·Τ 2650 2710 
Α·Τ 
G»C 
Τ·Α 
С С 
Τ 
D/E 
Τ Α 
G Τ 
Τ Α 
G · С 
С · А 
А · С 
τ · ε 
T T А · Τ 
• τ ε · Α 
Α · С TC Τ Τ 
ε · Α τ · 
ε · Α 
τ с 
TtA 
AtT 
С 
G>C 
S' - TCATGCCT'ACTAA - 3' 
3030 3080 
® 
rIR 2290 2310 
Z 2 - 2 5' - CENE IV --- TTATCAGGGCGCTTJjMGGGTGCGGGGTAGGTGCGTTAGCCCTGCCCCGTATCCTCACAGCGTCCCCTG - 3' 
Ι Κ · S' - GEME IV --- TTATTAA6GCCCTTTGÂGGCTGCCGGGTACCTGCCCTAGCCCTGCCCGTAGACTCTTGCKCTCTCCGT - 3' 
4170 вІ О 
»IR u,
© І 2 - 2 
1 
2330 +4 2710 D/E 3030 
He 
LJLJL 
» 61.50 6200 6600 6B80 
Ml3 
в с 
iî 
5590 5820 6000 
Figure 5.5 Comparison of the nucleotide sequence and secondary structural configuration of the 
regions of dyad symmetry in the major intergenlc regions of the phages 12-2, IKe and Ff (M13). 
(A) Nucleotide sequence (5'- 3') and potential secondary structures in the I2-2 major intergenic region. 
(B) Comparison of the nucleotide sequence of region A of the intergenic region of the phages I2-2 and IKe. Within this 
sequence both the phage morphogenetic signal and a p-dependent transcription termination signal are located. Sequences are 
aligned in such a way that maximum homology is achieved. Regions of dyad symmetry are indicated by brackets. The stop 
codons of genes IV of I2-2 and IKe are over- and underlined. 
(C) Comparison of 'morphology' and relative map position of the potential stem loop structures (hairpins A through E) in the 
major intergenic region of the phages I2-2, IKe and Ff (M13). The configuration are drawn to scale. 
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Figure 5.6 Dot-matrix analysis of the extent of homology between the genomes of the phages 12-2, 
Ke and Ff (M13). 
Starting from the 5'-terminal nucleotide of gene VII consecutive stretches of 7 nucleotides are compared. Each dot represents 
Ì stretch of 7 identical nucleotides. Parallel to the axes the genetic maps are indicated. 
[A) Dot-matrix of I2-2 vs. IKe. (B) Dot-matrix of I2-2 vs. Ff (M13). (C) Dot-matrix of IKe vs. Ff (M13). 
he Ks value is larger than 1, indicating that the genes 
jnder consideration did not diverge recently. The 
•eason why the nucleotide sequences of genes III and 
/III of I2-2 and IKe are more strongly conserved than all 
jthers is unclear. The Ka values (Table 5.3), i.e. the 
/alues for the relative number of amino acid substitu-
ions, clearly indicate that I2-2 is more closely related to 
KethantoFf(M13). 
Genetic and cell biologic studies indicate that the 
jrotein encoded by gene III of Ff is specifically required 
or attachment of the phage to the conjugative pilus of 
he host cell. The minor, randomly distributed differ-
jnces between the gene III proteins of IKe and I2-2 
Figure 5.2; 30 out of 434 amino acids), indicate that 
эпіу a few amino acid substitutions are sufficient to 
liter/extend the plasmid specificity of the phage (vide 
supra). The observed serological relationship (Bradley 
3t al., 1983) between IKe, IKeh (a host range mutant of 
Ke) and I2-2, is in accordance with the high amino acid 
sequence homology found between the coat proteins 
jncoded by gene VIII of both I2-2 and IKe. However, 
jur sequencing data prove that, contrary to earlier 
speculations (Bradley et al., 1983), I2-2 is not a host-
ange mutant of IKe. This can also be concluded from 
Jot-matrix comparisons of the genomic sequences of 
2-2, IKe and Ff (Figure 5.6). In these analyses the 
ìomology between successive stretches of hepta-
ìucleotides of the genomes of either 12-2 and IKe 
Figure 5.6A), 12-2 and Ff (M13) (Figure 5.6B), or IKe 
ind Ff (M13) (Figure 5.6C) are compared. The 
jenomes are aligned by using the initiation codon of 
jene VII as a reference point. From these plots it can 
>e concluded that genes VII, IX, Vili, III, VI, I and IV and 
he 5' end of the intergenic region (hairpin A) of I2-2 
ind IKe are highly similar. Immediately after the 
norphogenetic signal the sequence correspondence 
decreases abruptly. A similar observation has been 
Table 5.3 Extent of synonymous- (Ks) and non-
synonymous (Ka) substitutions in genes I 
through IX of the phages 12-2, IKe and Ff (M13). 
The extent of synonymous and nonsynonymous substitu-
tions was calculated as indicated in Materials and Methods. 
I2-2 vs. IKe: 
gene I 
gene III 
gene IV 
gene VI 
gene VII 
gene VIII 
gene IX 
I2-2 vs. M13: 
gene I 
gene III 
gene IV 
gene VI 
gene VII 
gene VIII 
gene IX 
IKe vs. M13: 
gene I 
gene III 
gene IV 
gene VI 
gene VII 
gene VIII 
gene IX 
Sites 
Compared 
365 
432 
427 
116 
29 
79 
33 
342 
338 
408 
109 
28 
63 
31 
342 
337 
409 
109 
31 
64 
31 
Synonymous 
Difference 
(Ks) 
>1 
0.115 
>1 
>1 
>1 
0.563 
>1 
>1 
>1 
>1 
>1 
>1 
>1 
>1 
>1 
>1 
>1 
>1 
>1 
>1 
0.874 
Non-
synonymous 
Difference 
(Ka) 
0.107 
0.032 
0.163 
0.062 
0.148 
0.158 
0.120 
0.395 
0.709 
0.458 
0.737 
0.573 
0.429 
0.786 
0.410 
>1 
0.482 
0.729 
0.818 
0.571 
0.752 
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made when the genomes of 12-2 and Ff (M13) were 
compared, although in this case the similarity between 
the DNA sequence located between the 5' end of 
gene VII and the 3' end of hairpin A is less pronounced 
(Figure 5.6B). 
The observation that no significant homology 
exists between the DNA regions of I2-2 and IKe or Ff 
that encompass the major part of the intergenic region 
(vide supra), genes II, X, and V suggests that the 
genome of I2-2 is composed of DNA sequences 
derived from two different replicons. We propose that 
the I2-2 genome is the result of a recombination event 
in which the replication cassette, i.e. the DNA fragment 
containing the viral and complementary strand origins 
of DNA replication and the phage encoded replication 
депеь of its filamentous phage ancestor genome, has 
been exchanged for the 'rolling circle replication 
cassette' of another replicón. Whether the latter 
cassette originated from another filamentous phage or 
from a plasmid with a rolling circle replication mode is 
not yet clear, since computer searches in the EMBL 
(release 23) and Genbank (release 60) Nucleic Acids 
Databases has not yet revealed the existence of 
nucleotide sequences that are evolutionary related to 
the replication module of I2-2. 
CHAPTER 6 
THE DNA BINDING WING OF THE SINGLE-STRANDED DNA BINDING 
PROTEINS OF THE FILAMENTOUS BACTERIOPHAGES M13 AND IKe: 
A RECURRENT MOTIF IN OTHER SINGLE-STRANDED DNA BINDING 
PROTEINS ? 
ABSTRACT 
1H-NMR studies of single-stranded DNA binding proteins of the evolutionary related 
filamentous Escherichia coli phages Ff and IKe have shown that these proteins contain a 
structural motif, the so-called DNA binding wing, that intimately is involved in their non-
sequence-specific binding to single-stranded DNA. To obtain a first indication whether 
this DNA binding wing is a recurrent motif in other single-stranded DNA binding proteins, 
we have investigated whether the amino acid sequences of these wings are recurrent 
sequences in other known prokaryotic and eukaryotic single-stranded DNA binding 
proteins. The analyses revealed that of all ssDNA binding proteins whose amino acid 
sequence has been stored in the protein databases, only ssDNA binding proteins 
encoded by the bacteriophages Ff, IKe, Pf1, Pf3, φ29, If 1. 12-2, and T4 plus the 
eukaryotic intermediate filament protein vimentin, comprise an amino acid sequence that 
exhibits a significant degree of homology with this sequence. 
INTRODUCTION 
Single-stranded DNA binding proteins (ssDBPs) 
are ubiquitous in nature. They are produced both by 
prokaryotic and eukaryotic cells and a large number of 
viral genomes code for a ssDBP as well. All ssDBPs 
identified so far perform a wide variety of functions, 
particularly in the processes of DNA replication, repair, 
and recombination, and mRNA translation (Kornberg 
and Baker, 1992). The proteins of which the physico-
chemical properties have been established, have 
shown to bind to single-stranded DNA (ssDNA) 
aspecifically yet with high affinity and co-operativity 
(Kornberg and Baker, 1992). 
Examples of prokaryotic ssDBPs are the proteins 
encoded by gene V (gVp) of the evolutionary related 
filamentous Escherichia coli phages Ff (M13, fd, and 
f1), IKe, and I2-2 (Chapter 5; Alberts era/., 1972; Oey 
and Knippers, 1972; Peeters era/., 19Θ3) and gene 32 
protein (g32p) encoded by the E. coli phage T4 
(Alberts and Frey, 1970). Other prokaryotic ssDBPs are 
the E. coli encoded single-stranded DNA binding 
protein SSB (Sanear etat., 1981) and the RecA protein 
(Clark and Margulies, 1965). Examples of eukaryotic 
ssDBPs are mtSSB of Xenopus laevis (Mahoungou et 
al., 198Θ; Ghrir et al., 1991; Tiranti et al., 1991), p16 
and SSB encoded by rat mitochondrial DNA (Cobianchi 
et al., 1986; Hoke et al., 1990), and RIMI and SSB 
encoded by Saccharomyces cerevisiae (Heyer et al., 
1990; van Dyck et al., 1992). 
Of all these proteins, the gVps of the phages Ff 
and IKe, the g32p of phage T4 and RecA protein are 
studied best (for reviews, see Chase and Williams, 
1986; Model and Rüssel, 1988; Roca and Cox, 1990). 
By regulating not only the production of progeny viral 
strands, but also, at the level of translation, the syn-
thesis of a number of phage specific proteins, gVp 
fulfils an indispensable function in the phage replica-
tion process (Zaman era/., 1990; 1991). By protecting 
ssDNA intermediates from nuclease attack in pro-
cesses such as DNA replication, repair and recombi-
nation, g32p plays a key role in the replication of phage 
T4 DNA. Translation studies have furthermore demon-
strated that it autoregulates its synthesis via specific 
binding to particular sequences in its cognate mRNAs 
(Chase and Williams, 1986). 
A first report on the three-dimensional crystal 
structure of gVp of phage Ff has already been reported 
a decade ago (Brayer and McPherson, 1983). Recent 
2D-NMR studies have, however, indicated that the 
structure as published is not correct and that it deviates 
significantly from that present in solution (van 
Duynhoven et al., 1990; Folkers et al., 1991; 1993b). 
In both analyses it was found that the protein almost 
entirely consists of ß-sheets. The structures differ, 
however, significantly both in the registers of amino 
acid residues in particular ß-sheets and the three-
dimensional folding of the polypeptide chain (Folkers 
era/., 1993a; 1994). Interestingly, renewed crystallo-
graphic analyses of gVp have very recently confirmed 
the conclusion that the crystal structure as proposed 
originally is not correct and that the 3D-structure of gVp 
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as present in the crystal is almost Identical to that found 
in solution with the aid of 2D and 3D-NMR analyses 
(Folkers et al., 1991; Skinner era/., 1994; Folkers et al., 
1994). With the aid of 2D-NMR the secondary structure 
of gVp of phage IKe has also been elucidated. Com­
parison of this structure with that of Ff revealed that 
they are almost identical, notwithstanding the fact that 
the amino acid sequence identity between the gVps of 
Ff and IKe is only 45% (de Jong et al., 1989b; van 
Duynhoven era/., 1992). 
2D-NMR analyses have also been used to map, 
with the aid of non- and spin-labelled oligonucleotides, 
the DNA binding domains in gVp of Ff and IKe (Chapter 
4; de Jong et al., 1989b; van Duynhoven et al., 1993; 
Folkers et al., 1993b). From these studies it could be 
concluded that, in contrast to the proposals made 
previously (Brayerand McPherson, 1984a; Hutchinson 
et al., 1990), the DNA binding site is situated inside 
instead of outside of the protein and that it is com­
posed of amino acid stretches derived from each of the 
subunits of the protein dimer (de Jong et al., 1989b; 
i/an Duynhoven era/., 1993; Folkers et al., 1993b). 
Эпе of the stretches consists of the so-called DNA-
ainding wing (comprising amino acid residues Arg16-
ЗІиЗО in gVp of Ff (van Duynhoven et al., 1990; 1993; 
Folkers et al., 1993b) and residues Arg16-Glu31 in gVp 
Df IKe (de Jong et al., 1989b; van Duynhoven, 1993). 
fhe other two stretches are part of the so-called 
;omplex-loop (residues Leu44-Asp50 in gVp of Ff and 
^sn47-Glu51 in gVp of IKe) (Brayer and McPherson, 
1983) and dyad-loop (residues Lys69-Arg80 in gVp of 
: f and Lys70-Arg81 in gVp of IKe), respectively. The 
jroton resonances of the amino acid residues in the 
DNA binding wing are affected most by the spin-
abelled oligonucleotides. The importance of this 
structural element in ssDNA binding is additionally 
strengthened by the fact that the residues constituting 
his element are highly conserved among the gVps of 
rf and IKe, whereas the amino acid sequences of the 
Jther stretches are clearly more diverged (Peeters et 
з/.( 1983; Luiten étal., 1985; de Jong et al., 1989b). 
Now that detailed information is available both of 
he structure of gVp and of the role/function of the 
DNA binding wing in ssDNA binding it is of interest to 
nvestigate whether, in analogy to the DNA binding 
notifs of dsDBPs (Pabo and Sauer, 1992), the DNA 
jinding wing is a recurrent DNA binding motif in other 
»sDBPs. 
As structural information of ssDBPs other than the 
jVp is not (yet) available, similarities in amino acid 
sequences were investigated with the aid of computer 
issisted structural analyses. 
MATERIALS AND METHODS 
»roteins 
The prokaryotic and eukaryotic single-stranded 
)NA binding proteins found to be present in the three 
»rotein databases PIR1 (annotated and classified 
mtries), PIR2 (preliminary entries), and PIR3 (unveri-
ied entries) are: gVp encoded by filamentous bacterio-
ihages Ff (Cuypers et al., 1974; Nakashima et al., 
1974), IKe (Peeters et al., 1983), I2-2 (Chapter 5), Pf1 
(Maeda et al., 1982), Pf3 (Putterman et al., 1984; 
Luiten et al., 1985), and If1 (Carne et al., 1991); 
bacteriophage ф29 p5 (Yoshikawa and Ito, 1982; Martin 
and Salas, 1988); bacteriophage T4 g32p (Williams et 
al., 1981; Krisch and Allet, 1982); bacteriophages T2, 
ТЗ, Т6, and Т7 DBP (Dunn and Studier, 1981; Schmitt 
et al., 1987; McPheeters étal., 1988; Beck et al., 
1989); E. coli RecA protein (Horii et al., 1980; Sanear 
et al., 1980), SSB (Sanear et al., 1981), and SSF 
(Chase et al., 1983); adenovirus type 2 (Kruijer et al., 
1982), 4 (Kitchingman, 1985), 5 (Kruijer et al., 1981), 7 
(Quinn and Kitchingman, 1984), and 12 DBP (Kruijer et 
al., 1983); herpes simplex virus type 1 ICP8 (Quinn and 
McGeoch, 1985); varicella-zoster virus DBP (Davison 
and Scott, 1986); Epstein-Barr virus DBP (Baer et al., 
1984); Xenopus laevis mtSSB (Mahoungou et al., 
1988; Ghrir et al., 1991; Tiranti et al., 1991); 
cytomegalovirus DB129 (Anders, 1990); bovine 
leukemia virus p12, and bovine protein UP1 (Copeland 
et al., 1983; Merrill et al., 1987); Rauscher murine 
leukemia virus p10 (Henderson et al., 1981); rat 
mitochondrial p16 and SSB (Cobianchi et al., 1986; 
Hoke et al., 1990); Saccharomyces cerevlsiae RIMI, 
and SSB (Heyer et al., 1990; van Dyck et al., 1992); 
DBP encoded by plasmids Collb-P9 (Howland et al., 
1989), R64 (Ruvolo et al., 1991), plP71a (Ruvolo et al., 
1991), and plP231a (Ruvolo et al., 1991); Drosophila 
melanogaster SSB (Haynes ef al., 1987); human 
heterogeneous ribonuclear particle protein A1, and 
replication protein A (Buvoli et al., 1988; Biamonti et al., 
1989; Erdile et al., 1991). The vimentins encoded by 
man (Ferrari et al., 1986) and chicken (Gallus gallus) 
(Zehner et al., 1987) have also been included in this 
study. 
Amino acid sequence comparisons 
Amino acid sequence comparisons were per-
formed using the computer programme BESTFIT, 
which is part of the Sequence Analysis Software 
Package (Version 7.1) of the Genetics Computer 
Group (University of Wisconsin, Madison)(Devereux et 
al., 1984). The BESTFIT programme enables an opti-
mal local alignment of related amino acid sequences. 
This optimal alignment is found via the insertion of gaps 
to maximize the number of matches using the algorithm 
of Smith and Waterman (1981). To calculate the best 
alignment, BESTFIT uses a symbol comparison table, 
which has been derived by Gribskov and Burgess 
(1986) from the mutational difference matrix (MDM78) 
of Schwartz and Dayhoff (1978). The number and size 
of gaps is restricted by the use of a gap penalty. The 
penalty for each gap is 3 and for every residue in a gap 
0.1. As a result the penalty for the smallest possible 
gap is 3.1. This value, which is two times higher than 
the largest score in the symbol comparison table (being 
1.5) ensures that gaps are only inserted when they 
significantly improve the alignment. 
Evaluation of the statistical significance of 
the alignments 
The amino acid sequence alignments found by the 
BESTFIT programme can reflect sequence similarity 
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that is due to common ancestry or simply a locally 
Diased amino acid composition. To test whether the 
alignment of two amino acid sequences indeed reflects 
î statistically significant relationship, the computer 
arogramme RDF2G was used (Lipman and Pearson, 
1985; Pearson and Lipman, 1988; Pearson, 1990). 
rhis programme calculates the statistical significance of 
an alignment in a three step procedure. In the first step, 
:he so-called similarity score (gap-penalty = 0) of the 
aptimal alignment of two amino acid sequences is 
calculated, using the PAM250 scoring matrix of 
Dayhoff, Schwartz, and Orcutt (1978). In the second 
>tep of the procedure, one of the two aligned amino 
icid sequences is shuffled 200 times, resulting in 
andomized sequences that have the same lengths 
ind amino acid compositions as the original sequence, 
rhese 200 randomized sequences are aligned with the 
jnshuffled sequence and the so-called random 
»cores, the mean, and standard deviation of these 
andom scores are calculated using the PAM250 
scoring matrix. Subsequenty, in the third step, the 
statistical significance of the optimal alignment 
sxpressed as the z-value is calculated, where 
_ (similarity score-mean of random scores) 
(standard deviationof random scores) 
η accordance with Lipman and Pearson (1985; 
Larson, 1990), a z-value of 3 or greater is considered 
о be required to permit, with reasonable confidence, 
he conclusion that the alignment of the two 
sequences is statistically significant. This arbitrary 
hreshold value is supported by z-values calculated for 
îvolutionarily related proteins (Lipman and Pearson, 
1985; Pearson, 1990). 
RESULTS 
\mino acid sequence comparisons 
The amino acid sequence from residue 16 to 29 of 
jVp of IKe, and the slightly different amino acid 
sequence from residue 16 to 28 of gVp of Ff, were 
jsed to search for homologous amino acid sequences 
η the ssDBPs listed in Materials and Methods. The 
malyses revealed that both sequences gave the same 
Dptimal alignments in the proteins under investigation, 
rhe proteins that contain such a homologous amino 
icid sequence are listed in Table 6.1. From this table it 
:an be concluded that several bacteriophage encoded 
ssDBPs show significant homology. Table 6.1 also 
ncludes the intermediate filament protein vimentin of 
in eukaryotic species (human). This protein was 
ncluded in our analyses because recent structural and 
unctional analyses of the N-terminal domain of 
rimentin (Traub et al., 1992) have strongly indicated 
hat it might contain an amino acid sequence highly 
ìomologous to that of the DNA binding wing of gVp. 
The amino acid sequences of the proteins that 
jave the best alignments are depicted in Figure 6.1. 
\mino acid residues that are identical to that in the DNA 
jinding wing of IKe are boxed by double lines, where-
is conservative amino acid substitutions are indicated 
jy single boxes. From this figure, it can be concluded 
hat, as one would expect, the number of identical/con-
served residues shared with the amino acid sequence 
Table 6.1 ssDNA binding proteins which contain 
an amino acid sequence homologous to the 
ssDNA binding wing of gVp of phages IKe and Ff. 
Protein Phage/Species 
DBP Pseudomonas aeruginosa phage Pf3 
p5 Bacillus subtilis phage φ29 
gVp Pseudomonas aeruginosa phage Pf 1 
gVp Escherichia coli phage I2-2 
DBP Escherichia coli phage If 1 
g32p Escherichia coli phage T4 
vimentin human 
of the DNA binding wing of IKe, varies considerably. 
The I2-2 sequence shares only 5 residues, whereas 
the ssDBP of phage Pf3 shares 9 out of 14 amino acid 
residues. 
Statistical significance of the alignments 
To see whether the alignments depicted in Figure 
6.1 are statistically significant, the statistical significance 
of these alignments was calculated. In these calcu­
lations the PAM 250 scoring matrix of Dayhoff, 
Schwartz, and Orcutt (1978) was used. All the amino 
acid sequences depicted in Figures 6.1 and 6.3 have 
been mutually compared and the statistical signifi­
cances expressed as z-values calculated. The results 
are listed in Table 6.2. The z-values have been 
calculated for the sequences comprising the (putative) 
DNA binding wings (a), as well as for the same 
sequences extended by two residues at the C-terminal 
end (b). The latter calculations have been performed 
because the glutamic acid residue at position 31 in IKe 
(and at position 30 in Ff) showed enhanced relaxation 
in the presence of spin-labelled oligonucleotides (de 
Jong et al., 1989b; van Duynhoven et al., 1993; 
Folkersefa/., 1993b). 
Evaluation of the z-values requires a discrimination 
between statistically significant and not significant 
values. It has been argued previously (Lipman and 
Pearson, 1985; Gribskov and Burgess, 1986; Pearson, 
1990) that one should be skeptical of conclusions 
based on sequence similarity scores with z-values less 
than 3, and more confident when the z-values are 
greater than 6 (this agrees with our results; vide infra). 
Comparison of the 'DNA binding wings' of the ssDBPs 
encoded by phages IKe, Ff and Pf3 shows that the 
high level of identity is expressed in a z-value greater 
than 6: IKe vs. Ff (z=7.5), IKe vs. Pf3 (z=6.8), and Ff vs. 
Pf3 (z=6.6). Less well conserved amino acid 
sequences, show z-values between 3 and 6: for 
instance, Ff vs. human vimentin (z=4.0), I2-2 vs. Pf3 
(z=3.5), and If 1 vs. Ff (z=3.1). Finally, a number of 
amino acid sequence comparisons did not show a 
significant alignment (Table 6.2, z<3). 
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Figure 6.1 Alignments of the amino acid sequences comprising the DNA binding wings of phages Ff 
and IKe gVp, and the putative DNA binding β-loop structures of other DBPs. 
The similarities between the IKe amino acid sequence and the sequences of the other DBPs, are indicated by boxes. Residues 
identical to the IKe gVp sequence are boxed by double lines, whereas conservative replacements are boxed by single lines. 
The dots represent gaps inserted in the amino acid sequences to obtain optimal alignments. 
The amino acids are represented by one-letter symbols. 
DISCUSSION 
General remarks 
Although molecular biological, and biophysical 
studies have delivered a wealth of information about 
the biological, and physico-chemical properties of 
ssDBPs, there is a scarcity of information regarding the 
domains of the proteins involved in binding to ssDNA. 
In an attempt to tentatively map these sites, amino acid 
sequence comparisons of ssDBPs are the only tools 
currently available to search for similarities. 
Prasad and Chiù (19 7) were the first to compare 
the amino acid sequences of several ssDBPs. They 
used the computer programmes RELATE and ALIGN 
(Dayhoff et al., 1983), which both are based on the 
algorithm of Needleman and Wunsch (1970), to search 
for similarities between the Ff gVp amino acid 
sequence and the amino acid sequences of other 
ssDBPs. Since the proteins they compared (Ff gVp, 
IKe gVp, T4 g32p, E. coli RecA, E. coli SSB, and E. coli 
SSF) lack for the most part strong overall sequence 
homology, they used the entire Ff gVp sequence as a 
query sequence and searched for domains that yielded 
the best alignment with the positively charged and 
aromatic amino acid residues. Although the domains 
they identified, i.e. residues 1-88 of IKe gVp, residues 
1-87 of Ff gVp, residues 32-113 of T4 g32p, residues 
225-312 of E. coli RecA, residues 29-117 of E. coli 
SSB, and residues 29-115 of E. coli SSF, show align-
ment of four charged, and five aromatic amino acid 
residues, they were unable to pinpoint discrete regions 
in these proteins which may be involved in ssDNA 
binding (Prasad and Chiù, 1987). This limited success 
of the amino acid sequence comparisons using the 
complete protein sequences of several DBPs, is due to 
the low overall homology of the proteins investigated. 
The increased knowledge about the three-dimensional 
structure and ssDNA binding domains of gVp of the 
phages Ff and IKe, has for two reasons stimulated us to 
repeat the computer assisted analyses, but now in a 
completely different way. Firstly, the gVps of the 
phages IKe and Ff share a structural motif, comprising 
amino acid residues Arg 16 to Ile29 in IKe and Arg16 to 
Leu28 in Ff respectively, that is intimately involved in 
DNA binding (Chapter 4; King and Coleman, 1987; de 
Jong era/., 1989b; van Duynhoven era/., 1990; 1993; 
Folkers et al., 1993b). Secondly, the amino acid se-
quences comprising these DNA binding wings are very 
similar (the overall sequence identity between gVp of 
Ff and IKe is only 45%). Hence, it is of interest to inves-
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ГаЫе 6.2 Statistical significance expressed as z-values, of the amino acid sequence alignments 
depicted in Figure 6.1. 
The amino acid sequences compared are (Cf. Figure 6.1): IKe gVp residues 16-29 (a) and 16-31 (b), Ff gVp residues 16-28 (a) 
and 16-30 (b), Pf3 DBP residues 12-24 (a) and 12-26 (b), human vimentin residues 28-40 (a) and 28-42 (b), chicken vimentin 
residues 134-146 (a) and 134-148 (b), ф29 p5 residues 107-119 (a) and 107-121 (b), Pf1 gVp residues 19-32 (a) and 19-34 (b), 
I2-2 gVp residues 79-92 (a) and 79-94 (b), If 1 DBP residues 26-38 (a) and 26-40 (b), T4 g32p residues 95-108 (a) and 95-110 
(b), and E. coli RecA residues 244-257 (a) and 244-259 (b). 
E.coli T4 I f 1 12-2 Pf1 029 chicken human Pf3 Ff 
RecA g32p DBP gVp gVp p5 v i m e n t i n v i m e n t i n DBP gVp 
a a a a 
IKe gVp 
Ff gVp 
Pf3 DBP 
hun vim 
chi vim 
029 p5 
Pf1 gVp 
12-2 gVp 
I f 1 DBP 
T4 g32p 
1.8 2.2 
1.5 2.3 
1.1 1.9 
< 0 0.5 
3.1 2.0 
1.2 1.1 
< 0 < 0 
1.7 0.0 
0.9 0.6 
< 0 < 0 
3.5 2.5 
4.0 3.1 
< 0 0.5 
2.0 1.6 
< 0 < 0 
< 0 < 0 
< 0 < 0 
1.7 0.5 
< 0 < 0 
2.4 2.0 
3.1 2.2 
2.7 2.6 
1.7 1.3 
0.1 < 0 
< 0 < 0 
0.3 0.2 
0.8 < 0 
4.4 3.6 
4.3 3.6 
3.5 1.8 
1.1 < 0 
< 0 < 0 
< 0 < 0 
< 0 < 0 
0.9 0.9 
0.5 0.3 
1.0 1.0 
2.0 1.9 
2.7 2.1 
1.9 3.5 
1.6 1.7 
1.3 < 0 
3.4 3.5 
< 0 < 0 
3.6 2.5 
1.2 0.6 
1.5 1.3 
2.8 2.5 
< 0 < 0 
3.6 3.1 
4.0 4.4 
< 0 < 0 
6.8 7.6 
6.6 7.3 
7.5 8.3 
¡gate whether this motif is also shared by other ssDBPs 
jf prokaryotic and eukaryotic origin. 
\mino acid sequence alignments 
One of the advantages of studying similarities be-
ween amino acid sequences by computer is the ability 
о find expected as well as unexpected sequence 
ïomologies that are statistically significant. However, if 
here is little or no information available regarding the 
unctional domains of the proteins, the significance of 
he observed homology can be quite puzzling. 
Our computer analysis shows that only some 
)hage encoded ssDBPs contain amino acid se-
luences that are significantly homologous with the 
isDNA binding wings of the gVps of the phages Ff and 
Ke. The eukaryotic intermediate filament protein 
'imentin has been included in the analyses for a 
:ompletely different reason (vide supra). As shown, 
his protein also contains in its N-terminal end amino 
icid sequences that are significantly homologous to 
hat of the DNA binding wings. The alignments found 
>y our computer analysis include sequences (e.g. Pf3 
DBP) that already were expected to be present on the 
>asis of other investigations (de Jong et al., 1989b). 
Гпе observed amino acid sequence homology 
>etween Pf1 gVp and the DNA binding wing is also 
¡onsistent with the observations made by Plyte and 
(neale (1991). The statistical significance of the 
»bserved homology is, however, very low (vide infra). 
kpart from the homologies that already have been 
»bserved before, we have also observed homologies, 
e.g. in g32p, that are different from those proposed in 
earlier studies (de Jong et al., 1989b). An interesting 
observa-tion was made concerning the identified 
sequence in protein p5 of phage ф29. If this sequence 
is compared with the identified sequence in the ssDBP 
of phage Pf3, and with the DNA binding wings in IKe 
and Ff, it displays the highest statistical significance 
with the former one (see Figure 6.1). 
Comparison of the (putative) DNA binding 
wings 
On the basis of the secondary structure elucidated 
for the DNA binding wings of the gVps of Ff and IKe (de 
Jong et al., 1989b; van Duynhoven et al., 1990), the 
homologous amino acid sequences selected by the 
computer programme in the other ssDBPs (Figure 6.1) 
have been folded in a similar ß-ladder conformation 
(Figure 6.2). 
From a comparison of these folds several proper-
ties/characteristics that are shared by the majority of 
these sequences became apparent. Firstly, all ß-ladder 
structures contain at a similar/homologous position one 
of the two aromatic amino acid residues tyrosine or 
phenylalanine, which in gVp of Ff (Tyr26) and IKe 
(Tyr27) have shown to be intimately involved in DNA 
binding (Chapter 4; de Jong er al., 1989b; van 
Duynhoven era/., 1993). Secondly, nine out of the 
eleven structures contain at the C-terminal end of the ß-
turn one of the two smallest amino acid residues, i.e. 
glycine or alanine. Thirdly, in 60% of the ß-ladders a 
serine residue immediately precedes the ß-turn. 
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Figure 6.2 Schematic drawings of the DNA binding wings of gVp of the phages Ff and IKe, and of the 
putative DNA binding wings of the ssDNA binding proteins of the phages Pf1, Pf3, I2-2, ф29, T4, If 1. 
and of E. coli RecA, and human and chicken encoded vimentin. 
Residues identical to the IKe gVp sequence are boxed by double lines, whereas conservative replacements are boxed by 
single lines The dots represent gaps inserted in the amino acid sequences to obtain optimal alignments 
Interestingly enough the occurrence of this amino acid 
at this position almost parallels the occurrence of the 
glycine residue at the end of the ß-turn and in the 
middle of the first ß-strand Finally two-third of the 
structures contain a basic amino acid residue in the N-
terminal half of the ß-turn These residues are homolo-
gous to the basic residues in gVp of Ff (Arg21) and IKe 
(Lys22) that have been demonstrated to be intimately 
involved in ssDNA binding (van Duynhoven et al, 
1993, Folkers et al., 1993b) 
Biological significance of the observed simi-
larities 
In the subsequent paragraphs the biological signifi-
cance of the results of our computer analyses in con-
nection with our knowledge of the ssDNA binding 
properties of the respective proteins will be discussed. 
Pf3 DBP, Pf1 gVp and φ29 p5 
The high statistical significance of the alignments of 
residues 12-24 of Pf3 DBP and the ammo acid se­
quences comprising the DNA binding wings of gVp of 
Ff and IKe highly supports the hypothesis made pre­
viously (de Jong et al, 1989b) that Pf3 DBP contains a 
DNA binding motif whose three dimensional structure 
is similar to that of the DNA binding wing of Ff and IKe 
As a matter of fact preliminary 2D-NMR analyses on wild-
type and mutant Pf3 DBP have recently indicated that 
indeed this conclusion seems to be correct (R.H.A. 
Folmer, personal communication). 
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In contrast to the ssDBP encoded by Pf3, the gVp 
encoded by phage Pf1 does not contain an amino acid 
¡equence with such a high homology to the DNA 
linding wing. Despite of this, there are several 
idications that support the hypothesis that the se-
luence selected indeed is involved in ssDNA binding 
Plyte and Kneale, 1991). Firstly, with the aid of 
:hemical modification experiments it has been demon-
trated that in the free Pf1 protein Lys25 and ТугЗО are 
urface accessible residues, whereas they are pro-
acted from modification in the nucleoprotein complex 
irlth phage DNA (Tsugita and Kneale, 1985; Plyte and 
Ìneale, 1991). Secondly, secondary structure predic-
ons by the method of Chou and Fasman, suggest that 
le region encompassing residues 17 through 34 will 
idopt a ß-sheet conformation (Chou and Fasman, 
978; Maeda et al., 1982; Plyte and Kneale, 1991). 
The protein encoded by gene 5 of the Bacillus 
ubtilis phage ф29 is indispensable for phage DNA 
eplication. It is required in vivo in the elongation of ф29 
)NA replication, and in vitro studies have indicated that 
ie purified protein binds to ssDNA and protects it 
against nuclease degradation (Salas, 1988; Martín et 
al., 1989). Which domain(s) of the protein is (are) 
involved in ssDNA binding is not yet known. Interes-
tingly, the putative DNA binding domain (residues 107-
119), as selected by the computer search programme, 
has a significantly higher degree of homology with the 
putative ssDNA binding wing of phage Pf3 than with 
the DNA binding motif of gVp of Ff or IKe (Table 6.2; Cf. 
Figure 6.3). These observations as well as the high 
degree of homology between the (putative) ssDNA 
binding wings of Pf3, IKe, and Ff previously men-
tioned, lend support to the hypothesis that the ssDBPs 
of Pf3, ф29, IKe, and Ff are evolutionarily related. 
T4 g32p 
The product of gene 32 of bacteriophage T4 
(g32p) was the first ssDBP of which the ssDNA binding 
properties were characterized in vitro (Chase and 
Williams, 1986). Prasad and Chiù (1987) have demon-
strated that the sequence running from residues 32 to 
113 shows significant homology with that of gVp of 
phage Ff. Furthermore, 1H-NMR experiments involving 
^napier ρ 
complexes of g32p with perdeuterated tyrosine and 
phenylalanine residues, and d(pA)n (n=2,4,6,8, and 
10) or d(pT)B, have demonstrated that the amino acid 
sequence running from Tyr73 to Tyr115 forms (part of) 
the DNA binding domain, and that six aromatic 
residues, and the tyrosine residue at position 115 in 
particular, are intimately involved in the ssDNA binding 
(Prigodich et al., 1984; 1986; Casas-Finet et al., 1988; 
Pan étal., 1989; Shamoo et al., 1989). 
Our analysis shows that the amino acid sequence 
running from residue 95 to 108 in g32p is statistically 
significantly homologous to the amino acid sequences 
of the DNA binding wings in gVp of Ff and IKe (z=4.0 
and z=3.5, respectively (Table 6.2)). Because this 
sequence is located within the experimentally determi-
ned amino acid stretch that has shown to be involved in 
ssDNA binding, it is most likely that in binding of g32p 
to ssDNA also a ß-hairpin is involved. In this connection 
t deserves to be mentioned that de Jong et al. (1989b) 
have proposed that in ssDNA binding residues 46 to 
30, instead of residues 95 to 108 (vide supra) are 
nvolved. For two reasons we believe, however, that 
this assumption is incorrect. Firstly, the sequence 
Droposed was not selected by the computer search 
Drogrammes. Secondly, the sequence does not 
э егіар with the amino acid stretch in which the DNA 
binding domain of g32p has been mapped. 
E. coli RecA protein 
Studies aimed to map the ssDNA binding do-
nain(s) of RecA protein have made use of a number of 
afferent approaches, the results of which are not, 
lowever, very consistent. Deletion analysis have fairly 
strongly indicated that (a part of) this domain is located 
between residues 200 and 300 (Rusche er al., 1985; 
3enedict and Kowalczykowski, 1988; Volodin, 1990). 
\lso nucleotide sequence comparisons (Prasad and 
Uhiu, 1987) have pointed into the direction that the 
ìecA region running from residue 225 to 312 might 
contain (at least part of) the DNA binding domain. It is 
ilso within this region that we, but also others (de Jong 
it al., 1989b), have found by computer analysis an 
imino acid sequence (residues 243-257) that is 
ìomologous to the DNA binding wing of gVp of Ff and 
IKe. Analyses of the recently published crystal 
structure of RecA protein have indicated that the two 
protein domains, consisting of residues 157-164 and 
195-209, located on the surface of the protein, are 
highly conserved among bacterial RecA proteins (Roca 
and Cox, 1990; Story et al, 1992). This plus the fact 
that missense mutations in each of these two domains 
affect DNA binding, have led Story et al. (1992) to 
propose that these domains are intimately involved in 
DNA binding and that the DNA is situated in the centre 
of the helical RecA»DNA filament. According to the 
crystal structure, the region we have found to be 
homologous to the DNA binding wing of gVp is 
situated in the core of the protein and consequently 
insufficiently exposed to be implicated in ssDNA 
binding. Since the observed homology between the 
RecA amino acid sequence (residues 243-257) and 
the DNA binding wing of Ff and IKe is of low statistical 
significance the alignment data are not in conflict with 
the latter conclusion. Despite the fact that the selected 
sequence is not involved in DNA binding it is, however, 
interesting to note that, like the DNA binding wing in 
gVp, it adopts a ß-loop conformation in the native RecA 
protein (Story et al., 1992). 
l2-2gVpandlf1DBP 
The only biochemical information currently availa-
ble about the ssDBPs encoded by the phages I2-2 and 
If 1 is their amino acid sequence. We have been able to 
allocate in both proteins a stretch of amino acids that is 
homologous to the ssDNA binding wings of gVp of IKe 
and Ff.The statistical analysis of the alignment between 
residues 26-38 of the ssDBP of If1 and 16-28 of gVp of 
Ff shows that it is significant (z=3.1). Likewise, our 
analysis indicates that the amino acid sequence 
running from residue 79 to 92 in gVp of I2-2 is homolo-
gous to the amino acid sequences comprising the DNA 
binding wings in gVp of Ff and IKe (z=4.3 and z=4.4, 
respectively). Also between the indicated sequence in 
gVp of I2-2 and the Pf3 ssDBP sequence that runs 
from residue 12 to 24 a statistically significant homolo-
gy was observed (z=3.5). Although there is no 
experimental evidence which supports the existence 
| - /3-ladder -|<- /9-turn ->|- ^-ladder 
Pf3 DBP 
029 p5 
(12-26) 
(107-121) 
' В 
Τ F 
F S 
:igure 6.3 Proposed alignment of the amino acid sequences comprising the putative DNA binding 
oops of φ29 p5 protein and Pf3 DBP. 
'he similarities between the two sequences are indicated by boxes. Identical residues are boxed by double lines, whereas 
onservative replacements are boxed by single lines, 
"he amino acids are represented by one-letter symbols. 
The DNA binding wing: a recurrent motif ? 77 
of a DNA binding wing in gVp of 12-2, the high z-values 
make us, however, feel confident to conclude that this 
must be the case. It remains remarkable however that, 
as also has been observed for the putative DNA 
binding wing in protein p5 of phage φ29 (vide supra), 
the DNA binding wing of gVp of 12-2 is situated in the C-
terminal half and not in the N-terminal half of the 
protein, as is in gVp of Ff and IKe. 
Vimentin 
The intermediate filament protein vimentin is a 
arominent component of the cytoskeleton and nuclear 
эп еіоре. The protein has been shown to bind in vitro 
with high affinity to ssDNA and RNA (Shoeman et al., 
1988). This interaction seems to be dictated primarily 
by the N-terminal domain of the protein, and both 
electrostatic and hydrophobic interactions are involved. 
Like gVp of Ff, binding of vimentin to ssDNA prevents 
nitration of the tyrosine residues in the protein (Traub 
et al., 1992). Recently, Traub et al. (1992) have pro-
aosed that the N-terminal half of vimentin contains a 
ssDNA binding domain that is structurally and func-
[ionally similar to the DNA binding wing of gVp of Ff and 
Ke. Because of this very interesting hypothesis we 
jecided to include the amino acid sequences of 
luman/rodent and chicken vimentin proteins in our 
computer assisted analyses. These proteins exhibit 
strong identity at the level of amino acid sequences 
[human vs. rodent 97%, and human vs. chicken 87%). 
In the N-terminal half of both human and rodent 
[data not shown) vimentin, amino acid sequences were 
ound that are significantly homologous to the 
sequence of the DNA binding wing in gVp of Ff and 
Ke, suggesting indeed that these sequences play a 
ole in ssDNA binding. However, chicken vimentin 
joes not contain a sequence that is statistically 
significantly homologous to the DNA binding wing. The 
atter observation is extremely surprising particularly 
because it is to be expected that in all eukaryotic cells 
he evolutionary related vimentins fulfil identical 
unctions. Up to now we can only speculate about the 
леапіпд of these observations. Either they mean that 
he homologous sequences found in human and 
rodent vimentins are not involved in ssDNA binding at 
all, or that in ssDNA binding of chicken vimentin other 
amino acid stretches are involved. It furthermore might 
be possible that the observed in vitro ssDNA binding 
relies on an artefact and consequently that in vivo 
vimentin is not involved in ssDNA binding at all. Which 
of these hypothesis indeed is correct thus awaits more 
profound investigations. 
FINAL DISCUSSION 
Our analyses demonstrate that only the prokaryotic 
ssDBPs encoded by the phages 12-2, If1, Pf1, Pf3, T4, 
and ф29 and the eukaryotic intermediate filament 
protein vimentin, contain amino acid stretches with a 
statistically significant homology to the amino acid 
sequence of the DNA binding wing of gVp of Ff and 
IKe. These observations therefore strongly suggest 
that the DNA binding wing is indeed a recurrent DNA 
binding motif. The fact that the said motif has only been 
found in a fairly limited number of proteins is, 
nevertheless, very surprising. However, the fact that 
homologous amino acid stretches have been found in 
ssDBPs as distant as human vimentin and gVp of 
filamentous bacteriophages forms probably an 
indication that it finally might turn out that the DNA 
binding wing is in fact a much more universal occurring 
motif than at first glance is apparent from our computer 
assisted sequence analyses. In this context it 
furthermore deserves to be mentioned that despite the 
absence of significant amino acid sequence homology 
(overall identity 20%), structurally identical helix-turn-
helix DNA binding motifs have been found in DBPs as 
distant as the phage lambda repressor and the POU-
domain protein Oct-1 (Assa-Munt et al., 1993; Dekker 
et al., 1993). On the basis of these observations it 
might therefore well be that the DNA binding wing as 
present in gVp is a much more universal occurring 
ssDNA binding motif, but that its presence in most of 
the proteins analysed escaped detection because of 
degeneracy of the protein folding code. 
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SUMMARY 
The interactions between proteins and nucleic 
acids are essential for the expression and replication of 
the genetic information. The proteins that interact with 
nucleic acids encompass both double-stranded DNA 
and single-stranded DNA binding proteins. Most 
detailed information is available for the double-stranded 
DNA binding proteins, while little is known about the 
proteins that bind to single-stranded DNA. This thesis 
deals with the single-stranded DNA binding protein 
encoded by gene V (gVp) of the filamentous 
Escherichia coli bacteriophage M13. A concise survey 
of what is known about the biophysical characteristics 
and biological functions of gVp is presented in Chapter 
1. In the Appendix of this chapter a brief overview of 
the F-specific bacteriophages is given. After infection, 
the single-stranded viral genome is converted by host 
factors to double-stranded replicative form I. Transcrip-
tion and subsequent translation of these molecules 
results in the synthesis of ten phage proteins. One of 
these, i.e. the site-specific topoisomerase encoded by 
gene II, initiates the synthesis of new viral strands by 
rolling-circle replication. Early after infection these 
strands are again converted to replicative form I 
resulting in a steady increase of the pool of these 
molecules as well as of the phage encoded proteins. 
Late in infection, when the gVp concentration has 
reached a critical threshold level, this protein binds co-
operatively to the newly synthesized viral strand, 
thereby sequestering the viral genome from the 
replication machinery. In a subsequent stage the gVp 
molecules of the gVp»viral genome complex are 
exchanged for the coat proteins at the host cell 
membrane. Concomitantly with this exchange the virus 
particle is extruded from the cell. Besides its 'switch-
function' in the process of viral genome replication, 
gVp also regulates the phage replication indirectly, i.e. 
via regulation of the expression of several phage 
genes at the level of translation by specific binding to 
the 5' non-translated leader of the mRNAs. 
The goal of the studies described in this thesis was 
to investigate the structural characteristics and the 
relationship between structure and functions of this 
protein. In particular, which amino acids, or domains of 
gVp are involved in the execution of its distinct 
functions were studied. 
To elucidate which amino acid residues or domains 
of gVp are involved in the various functions of the 
protein, the studies described in Chapter 2 were 
undertaken. Gene V was inserted in a phagemid 
expression vector and a library of mutants was con-
structed by random chemical mutagenesis. Phagemids 
encoding gene V proteins with decreased biological 
activities were selected and the nucleotide sequences 
of their gene V fragments were determined. Further-
more, the mutant proteins were characterized both with 
respect to their ability to inhibit the production of 
phagemid DNA transducing particles and their ability to 
repress the translation of a chimeric lacZ reporter gene 
whose expression is controlled by the promoter and 
translational initiation signals of M13 gene II. From the 
data obtained, it can be deduced that the mechanism 
by which gene V protein binds to single-stranded DNA 
differs from the mechanism by which it binds to its 
target sequence in the gene II mRNA. 
The studies on the binding characteristics of 
mutant gVp containing single-site amino acid substitu-
tions, are presented in Chapter 3. The series of mutant 
proteins tested includes mutations in the purported 
monomer-monomer interaction region as well as 
mutations in the DNA binding domain at positions 
which are thought to be functionally involved in 
monomer-monomer interaction or single-stranded DNA 
binding. The characteristics of the binding of the 
mutant proteins to the homopolynucleotides poly(dA), 
poly(dU), and poly(dT) were studied by means of 
fluorescence titration experiments. The binding stoi-
chiometry and fluorescence quenching of the mutant 
proteins are equal to, or lower than, the wild-type gene 
V protein values. In addition, all the proteins measured 
bind in a more or less co-operative manner to single-
stranded DNA. The binding affinities for poly(dA) 
decrease in the following order: Tyr61-His > wild-type > 
Phe68-Leu and Arg16-His > Tyr41-Phe and Tyr41-His 
> Phe73-Leu > Arg21-Cys > Tyr34-His > Gly18-Asp/ 
Tyr56-His. The conservation of binding affinity, also for 
mutations in the single-stranded DNA binding domain, 
suggests that the binding to homopolynucleotides is 
largely non-specific and primarily dictated by electro-
static interactions. 
The 1H-NMR experiments on gVp to elucidate 
which aromatic amino acid residues are involved in 
single-stranded DNA binding, are described in Chapter 
4. Using two-dimensional total correlation spectros-
copy, sequence-specific assignments were obtained 
for all of the aromatic amino acid residues with the help 
of a series of single-site mutant proteins. Spin-labelled 
oligonucleotide-binding studies of wild-type and 
mutant gVp indicated that tyrosine 26 and phenyl-
alanine 73 are the only aromatic residues involved in 
binding to short stretches of single-stranded DNA. The 
data obtained suggest the occurrence of specific 
protein-protein interactions between dimeric gVp 
molecules in which the tyrosine residue at position 41 
is involved. This hypothesis is further strengthened by 
the observation that the solubility of tyrosine 41 
mutants of gVp is significantly higher than that of the 
wild-type protein. The discovery of the so-called 'solu-
bility' mutants of gVp has finally made it possible to 
elucidate the solution structure of gVp and its 
interaction with single-stranded DNA by means of two 
and three-dimensional 1H-NMR. 
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Comparison of amino acid sequences of evolution-
aril·/ related proteins, which have comparable biological 
functions, might provide important information about 
the significance of particular amino acid residues or 
sequences with respect to the functions of the protein. 
Because the filamentous E. coli bacteriophage 12-2 has 
been suggested to be a naturally occurring host range 
mutant of phage IKe, comparison of the amino acid 
sequence of its ssDNA binding protein with those of 
phages Ff (M13, f1, fd) and IKe might be very inform­
ative. Therefore, the nucleotide sequence of the 
circular single-stranded genome of phage I2-2 was 
determined, and compared it with those of the filamen­
tous E. coli phages IKe and Ff. The results of these 
studies are described in Chapter 5. The comparisons 
ndicate that I2-2, IKe and Ff have a similar genetic 
Drganization, and that the genomes of I2-2 and IKe are 
svolutionarily more closely related than those of I2-2 
and Ff. It is shown that the I2-2 genome is a composite 
•eplicon, composed of only two thirds of the ancestral 
genome of IKe. Only a contiguous I2-2 DNA sequence 
jf 4615 nucleotides encompassing not only the coat 
3 rote in and phage assembly genes, but also the signal 
equired for efficient phage morhogenesis, was found 
о be significantly homologous to sequences in the 
jenomes of IKe and Ff. No homology was observed 
)etween the consecutive DNA sequence that contains 
he origins for viral and complementary-strand replica­
tion and the replication genes. Although other explana­
tions cannot be ruled out, our data strongly suggest 
that the ancestor filamentous phage genome of 
phages I2-2 and IKe has exchanged its replication 
module during evolution with that of another replicón, 
e.g. a plasmid that also replicates via the so-called 
rolling-circle mechanism. 
1H-NMR studies of single-stranded DNA binding 
proteins of the evolutionary related filamentous E. coli 
phages Ff and IKe have shown that these proteins 
contain a structural motif, the so-called DNA binding 
wing, that intimately is involved in their non-sequence-
specific binding to single-stranded DNA. To obtain a 
first indication whether this DNA binding wing is a 
recurrent motif in other single-stranded DNA binding 
proteins, an analysis was performed to investigate 
whether the amino acid sequences of these wings are 
recurrent sequences in other known prokaryotic and 
eukaryotic single-stranded DNA binding proteins. The 
analyses revealed that of all ssDNA binding proteins 
whose amino acid sequence has been stored in the 
protein databases, only ssDNA binding proteins 
encoded by the bacteriophages Ff, IKe, Pf1, Pf3, ф29, 
If "I, I2-2, and T4 plus the eukaryotic intermediate 
filament protein vimentin, comprise an amino acid 
sequence that exhibits a significant degree of homol­
ogy with this sequence. 
SAMENVATTING 
De interactie tussen eiwitten en nucleïnezuren is 
essentieel voor de expressie en vermenigvuldiging 
van erfelijke informatie. De eiwitten die een interactie 
met nucleïnezuren aangaan, omvatten zowel dubbel-
als enkelstrengs DNA bindende eiwitten. Terwijl over 
de dubbelstrengs DNA bindende eiwitten veel 
gedetailleerde informatie beschikbaar is, is van de 
enkelstrengs DNA bindende eiwitten maar weinig 
bekend. Dit proefschrift handelt over het enkelstrengs 
DNA bindende eiwit dat gecodeerd wordt door het gen 
V (het zogenaamde gen V eiwit) van de draadvormige 
bacteriofaag M13 die de darmbacterie Escherichia coli 
als gastheer heeft. In Hoofdstuk 1 wordt een beknopt 
overzicht gegeven van de biofysische eigenschappen 
en de biologische functies van het eiwit. In de 
Appendix van dit hoofdstuk wordt in het kort een 
overzicht gegeven van de F-specifieke bacteriofagen 
waartoe M13 behoort. Na infectie wordt het enkel-
strengs virale genoom, met behulp van eiwitten van de 
gastheercel, omgezet in een dubbelstrengs replica-
tieve vorm. Transcriptie en de daaropvolgende verta-
ling van deze moleculen resulteert in de synthese van 
tien faageiwitten. Eén daarvan, het plaatsgerichte topo-
isomerase dat door gen II gecodeerd wordt, initieert de 
aanmaak van nieuwe virale strengen door middel van 
het "rollende cirkel" DNA vermenigvuldigingsmecha-
nisme. Aanvankelijk worden de nieuw gevormde virale 
strengen omgezet in de dubbel-strengs replicatieve 
vorm, hetgeen een ophoping van dit DNA alsmede 
een ophoping van faageiwitten tot gevolg heeft. Later, 
als de concentratie gen V eiwit een bepaalde drempel-
waarde heeft bereikt, bindt het gen V eiwit aan de 
nieuwe enkelstrengs DNA moleculen. Deze binding 
gebeurt op een coöperatieve manier, dat wil zeggen 
dat binding van één gen V eiwit molecuul de binding 
van het volgende direct ernaast vergemakkelijkt. Ten 
gevolge van de binding van het gen V eiwit aan de 
nieuwe enkelstrengs DNA moleculen, worden deze 
niet meer omgezet in de dubbelstrengs replicatieve 
vorm. Vervolgens gaat het complex van gen V eiwit en 
viraal enkelstrengs DNA naar de celmembraan, waar de 
gen V eiwitmoleculen uitgewisseld worden voor 
manteleiwitten, terwijl de nieuwe faag wordt uitge-
scheiden. Naast zijn functie als "schakelaar" in het DNA 
vermenigvuldigingsproces, reguleert het gen V eiwit 
de expressie van een aantal faaggenen op het niveau 
van de vertaling van de boodschapper RNAs. 
Het doel van het onderzoek dat in dit proefschrift is 
beschreven, was de bestudering van de structurele 
eigenschappen èn de relatie tussen structuur en 
functie van het gen V eiwit. Daarbij stond de vraag 
welke aminozuren of domeinen in het gen V eiwit 
betrokken zijn bij de diverse functies, centraal. 
Om te achterhalen welke aminozuren of gebieden 
van het gen V eiwit bij de verschillende functies van het 
eiwit betrokken zijn, werden de experimenten die in 
Hoofdstuk 2 beschreven staan, uitgevoerd. Gen V 
werd in een faagmiede expressie vector geïnserteerd 
en met behulp van chemische mutagenese werd een 
verzameling van mutanten geconstrueerd. Faag· 
mieden die een eiwit codeerden met een verlaagde 
biologische activiteit werden geselecteerd, en de 
nucleotiden-volgorde van het gen V dat zij bevatten 
werd bepaald. Verder werd van de gemuteerde eiwit-
ten gemeten in hoeverre ze in staat waren om de 
produktie van faagmiede DNA bevattende partikels te 
remmen, en in hoeverre ze de vertaling van het fusie 
RNA, bestaande uit een gedeelte van M13 gen II en 
het ß-galactosidase gen van E. coli, konden remmen. 
Uit de verkregen resultaten kon worden afgeleid dat 
het mechanisme van binding aan enkelstrengs DNA 
anders is dan het mechanisme van binding aan gen II 
boodschapper RNA. 
In Hoofdstuk 3 worden de experimenten beschre-
ven die gericht waren op de bepaling van de bindings-
eigenschappen van mutante gen V eiwitten met één 
aminozuursubstitutie. Deze mutante eiwitten bevatten 
zowel mutaties in het veronderstelde monomeer-
monomeer interactie gebied als in het DNA bindend 
gebied, en wel op posities waarvan vermoed wordt dat 
ze betrokken zijn bij monomeer-monomeer interacties 
of binding aan enkelstrengs DNA. Met behulp van 
fluorescentietitratie-experimenten zijn de bindingska-
rakteristieken van de binding van mutante eiwitten aan 
de homopolynucleotiden poly(dA), poly(dU) en 
poly(dT) bestudeerd. De stoichiometrie van de binding 
en de uitdoving van de fluorescentie van de mutante 
eiwitten zijn gelijk of lager dan die van het wildtype 
eiwit. Bovendien binden alle eiwitten in meer of 
mindere mate coöperatief aan enkelstrengs DNA. De 
affiniteit voor poly(dA) neemt af in de volgorde: Tyr61-
His > wildtype > Phe68-Leu en Arg16-His > Tyr41-Phe 
en Tyr41-His > Phe73-Leu > Arg21-Cys > Tyr34-His > 
Gly18-Asp/Tyr56-His. De experimenten laten zien dat 
de affiniteit voor binding behouden blijft, ook voor 
mutanten met veranderingen in het DNA bindend 
gebied. Dit duidt er op dat de binding aan homopoly-
nucleotiden voornamelijk niet-specifiek is en met name 
door electrostatische interacties bepaald wordt. 
De 1H-NMR experimenten die tot doel hadden te 
onderzoeken welke aromatisch aminozuren bij de 
binding aan enkelstrengs DNA betrokken zijn, staan 
beschreven in Hoofdstuk 4. Met behulp van twee-
dimensionale 1H-NMR technieken werden sequentie 
specifieke toekenningen verkregen door gebruik te 
maken van enkele mutante gen V eiwitten waarin één 
aromatisch aminozuur was vervangen door een ander 
aminozuur. Experimenten met oligonucleotiden die 
een zogenaamd spin-label bevatten, hebben aange-
toond dat van de aromatisch aminozuren in het gen V 
eiwit, alleen tyrosine 26 en fenylalanine 73 bij de 
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binding aan enkelstrengs DNA betrokken zijn. De 
resultaten duiden er verder op, dat er specifieke eiwit­
eiwit interacties tussen dimeren van gen V eiwit 
optreden waarbij tyrosine 41 betrokken is. Deze 
vooronderstelling wordt onderbouwd door de waar­
neming dat de oplosbaarheid van mutante eiwitten, 
waarin tyrosine 41 vervangen is door een ander 
aminozuur, significant hoger is dan van het wild-type 
eiwit. De ontdekking van deze zogenaamde "oplos­
baarheid" mutanten heeft het uiteindelijk mogelijk 
gemaakt om de structuur van het gen V eiwit in oplos­
sing en de interactie van dit eiwit met enkelstrengs 
DNA met behulp van twee- en drie-dimensionale 1H-
MMR te bestuderen. 
De vergelijking van aminozuursequenties van 
evolutionair verwante eiwitten met vergelijkbare biolo­
gische functies, kan belangrijke informatie opleveren 
л/at betreft de betekenis van bepaalde aminozuren of 
aminozuursequenties. Omdat de draadvormige bacte-
•iofaag I2-2 verwant is aan de draadvormige bacterio-
'aag IKe, kan de vergelijking van de enkelstrengs DNA 
bindende eiwitten van de fagen M13, IKe en I2-2 
nformatief zijn. Daarom hebben we de totale nucleo-
iden-volgorde van het genoom van de faag I2-2 
jepaald en vervolgens vergeleken met die van de 
agen IKe en Ff. De resultaten van deze experimenten 
rijn beschreven in Hoofdstuk 5. De vergelijking van de 
ïucleotiden-volgorden wees uit dat I2-2, IKe en Ff 
Jezelfde genetische organisatie hebben, en dat de 
jenomen van I2-2 en IKe evolutionair nauwer verwant 
:ijn dan die van I2-2 en Ff. Verder is aangetoond dat 
iet I2-2 genoom een composiet replicón is, dat slechts 
weederde van het voorouderlijke genoom van IKe 
bevat. Een aaneengesloten I2-2 nucleotiden-volgorde 
van 4615 nucleotiden, die de manteleiwit- en assem-
blage genen, alsmede signalen die nodig zijn voor 
correcte morfogenese, bevat, is significant homoloog 
met nucleotiden-volgorden van de fagen IKe en Ff. 
Daarentegen is er geen nomologie tussen de nucleo-
tiden-volgorden die de vermenigvuldigingsgenen en 
de beginpunten van de DNA vermenigvuldiging bevat-
ten. Ofschoon andere verklaringen niet uitgesloten 
zijn, wijzen onze gegevens er sterk op dat het voor-
ouderlijke draadvormige faaggenoom van de fagen I2-2 
en IKe gedurende de evolutie een vermenigvuldi-
gingsmodule met een ander replicón, bijvoorbeeld een 
plasmiede dat ook volgens het "rollende cirkel" DNA 
vermenigvuldigingsmechanisme repliceert, heeft uit-
gewisseld. 
1H-NMR experimenten met de enkelstrengs DNA 
bindende eiwitten van de evolutionair verwante E. coli 
fagen IKe en Ff, hebben aangetoond dat deze eiwitten 
een structureel motief bevatten dat betrokken is bij de 
niet specifieke binding van deze eiwitten aan enkel-
strengs DNA. Om een indruk te verkrijgen of dit motief 
een terugkerend fenomeen bij enkelstrengs DNA 
bindende eiwitten is, werd de computer-analyse uitge-
voerd zoals in Hoofdstuk 6 beschreven. Van alle 
bestudeerde prokaryotische en eukaryotische enkel-
strengs DNA bindende eiwitten, bevatten alleen de 
enkelstrengs DNA bindende eiwitten van de bacterio-
fagen Ff, IKe, Pf1, Pf3, φ29. If 1. 12-2 en T4, alsmede 
het eukaryotische cytoskeleteiwit vimentine, een 
aminozuursequentie die significant homoloog is met 
die van het gen V eiwit van de fagen IKe en M13. 
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